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An estimated 15 million infants are born preterm every year and, thanks to improvements in 
neonatal care, mortality rates have decreased. However, preterm infants remain at risk of a wide 
spectrum of neurodevelopmental impairments including cognitive, motor and language deficits. 
The substantial personal and societal cost of preterm birth underscores the importance of 
identifying infants at risk, and those who may benefit from early interventional therapies.  
 
Diffusion-weighted magnetic resonance imaging (dMRI) studies have provided valuable insights 
into the effects of maturation and injury on brain development in infant populations. The cerebral 
white matter is particularly vulnerable to injury and previous studies of preterm infants have 
demonstrated that altered white matter microstructure observed at term equivalent age is 
associated with developmental performance in later life. dMRI analysis of the developing white 
matter in this population may provide biomarkers of neurodevelopmental impairment.  
 
Through the application of novel approaches to white matter analysis in neonates, this thesis 
investigates the effects of perinatal risk factors on the developing brain in preterm infants and the 
relationship between white matter microstructure in the perinatal period and subsequent 
neurodevelopmental performance. This work evaluated a new approach for neonatal dMRI 
analysis, tract-specific analysis (TSA). The evaluation of this method demonstrated that TSA 
provides improved spatial alignment of white matter tracts and better approximation of native 
space diffusion data than tract-based spatial statistics, a similar, widely used method.  
  
TSA was applied to assess the relationship between diffusion tensor imaging (DTI) metrics in 
white matter fasciculi in 407 preterm infants at term-equivalent age and neurodevelopmental 
performance at 20 months, and to assess the effects of prematurity and maturation. Higher motor 
and cognitive scores assessed using the Bayley Scales of Infant and Toddler Development, 3rd 
edition, were associated with increased fractional anisotropy (FA) and decreased diffusivity in 
projection, commissural and association fibres, while the associations between language 
performance and DTI metrics were limited. Higher diffusivity and lower FA was associated with 
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increased prematurity, and lower diffusivity and increased FA was associated with increasing age 
at scan, in agreement with previous studies.  
 
Moving beyond the standard diffusion tensor model, novel higher-order diffusion models were 
applied for the first time to the preterm infant population to provide deeper insight into the 
relationship between white matter microstructure and perinatal risk factors, neurodevelopmental 
performance and brain maturation by identifying specific fibre pathways within regions of complex 
white matter configurations. The diffusion tensor model fails to adequately represent white matter 
anatomy in regions of crossing fibres. Therefore, fixel-based analysis (FBA) was applied to 
estimate fibre density and fibre-cross section for each distinct fibre population within a voxel, 
where a ‘fixel’ refers to a single fibre population. The association between perinatal risk factors 
and fibre cross-section was more extensive than with fibre density, implying a greater effect on 
white matter morphology than microstructure. Higher motor and cognitive scores were associated 
with increases in fibre cross-section while language performance was positively correlated with 
fibre density.  
 
Finally, the methods explored in this thesis were applied to assess normal brain maturation in 
term infants from the Developing Human Connectome Project (dHCP). State-of-the-art diffusion 
imaging data from the dHCP were analysed to characterise healthy human brain development. 
TSA was combined with DTI, neurite orientation dispersion and density imaging (NODDI) and 
fixel-derived metrics. This study presented the first application of NODDI and FBA to healthy term-
born infants. The results reveal that lateralisation of white matter fasciculi, observed in adults and 
associated with functional specialisation, is not present at birth in healthy term-born infants and 
most likely emerges later in life, also demonstrating a maturation-related increase in intra-axonal 
density and fibre cross-section in the perinatal period. Analysis of high quality, multi-shell diffusion 
data from the dHCP demonstrates the potential of advanced dMRI, which may provide a deeper 
understanding of the environmental and biological factors influencing brain development and the 
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Chapter 1 Introduction  
 
1.1 Motivation  
Preterm birth affects 1 in 10 births worldwide (Howson et al., 2013), with approximately half of 
extremely preterm infants experiencing some neurological impairment (Moore et al., 2012; 
Serenius et al., 2016). The adverse consequences of prematurity encompass a wide range of 
impairments including cognitive, behavioural (Bayless and Stevenson, 2007; Bhutta et al., 2002; 
Delobel-Ayoub et al., 2009; Joseph et al., 2016; Marlow et al., 2005b), motor (Marlow et al., 2007; 
Williams et al., 2010; Wood et al., 2005) and language impairments (Allin et al., 2008; Guarini et 
al., 2009; Wolke and Meyer, 1999; Wolke et al., 2008). Moreover, perinatal risk factors such as 
the need for respiratory support, parenteral nutrition, necrotising enterocolitis, growth restriction 
and infection are common in the preterm population and can exacerbate the deleterious effects 
of prematurity (Berger et al., 2009; Bernstein et al., 2000; Brouwer et al., 2017; Hintz et al., 2005; 
Kady and Gardosi, 2004; Kaukola et al., 2006; Kobaly et al., 2008; Lin and Stoll, 2006; Lodha et 
al., 2014; Longo et al., 2013; Padilla et al., 2014; Rees et al., 2007; Short et al., 2003; Stephens 
et al., 2009; Vohr et al., 2000; Wu, 2002). 
 
The cerebral white matter (WM) is particularly vulnerable to injury in preterm infants (Volpe, 2003, 
2009a, b). Focal white matter lesions including cystic periventricular leukomalacia and 
haemorrhagic parenchymal infarct, are associated with neurological impairments (de Vries and 
Groenendaal, 2002; Klebermass-Schrehof et al., 2012; Patra et al., 2006; Radic et al., 2015a; 
Resch et al., 2000). While such injuries have decreased in recent years (Groenendaal et al., 2010; 
Hamrick et al., 2004; Larroque et al., 2003; van Haastert et al., 2011), advanced magnetic 
resonance imaging (MRI) techniques have revealed WM injury in the absence of overt pathology 
(Anjari et al., 2007; Huppi et al., 1998a; Rose et al., 2008; Thompson et al., 2011).   
 
Diffusion-weighted MRI (dMRI), principally diffusion tensor imaging (DTI) (Basser et al., 1994),  
has been used to study the effects of prematurity on the developing brain (Arzoumanian et al., 
2003; Ball et al., 2010; Partridge et al., 2004) and the association between WM microstructure at 
term-equivalent age and developmental outcome (Counsell et al., 2008; De Bruine et al., 2013; 
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Drobyshevsky et al., 2007; van Kooij et al., 2012b). With the move towards larger cohort imaging 
studies such as the Evaluation of Preterm Imaging Study (ePrime) and the Developing Human 
Connectome Project (dHCP), there is a need to employ analysis tools appropriate for large 
datasets. Tract-specific analysis (TSA) (Yushkevich et al., 2008) is a WM analysis method that 
may offer benefits over other commonly used methods such as tract-based spatial statistics 
(Smith et al., 2006) or methods relying on manually drawn regions of interest, but has not been 
evaluated for use in neonatal populations. 
 
More recently, higher order diffusion models that can better characterise complex fibre 
configurations by explicitly modelling the dispersion and density of neurites (Zhang et al., 2012) 
and the density and cross-section of distinct fibre populations (Raffelt et al., 2017) have been 
developed. However, only a handful of neonatal studies have employed these models. Neurite 
orientation dispersion and density imaging (NODDI) (Zhang et al., 2012) has been applied 
previously to study preterm infants (Batalle et al., 2017; Eaton-Rosen et al., 2015; Melbourne et 
al., 2016), but there are no NODDI studies of normal brain development in healthy infants. Novel 
imaging methods developed for the dHCP (Hughes et al., 2016; Hutter et al., 2017) present a 
unique opportunity to study normal human brain development by applying advanced diffusion 
models, such as NODDI, to state-of-the-art dMRI data. Fixel-based analysis (FBA) (Raffelt et al., 
2017) which provides fibre-bundle specific measures for individual fibre populations (referred to 
as a ‘fixel’) within voxels containing multiple fibre populations, has not been applied previously to 
a neonatal population.  
 
1.2 Hypotheses and aims 
This thesis aims to apply advanced diffusion MRI analysis approaches to study brain development 
and WM injury in the preterm brain, and to evaluate normal development in the neonatal period 
in healthy term-born infants. Using TSA, FBA, and NODDI I evaluate the effects of perinatal risk 
factors on the developing brain in preterm infants; examine the relationship between WM 
microstructure in the perinatal period and subsequent neurodevelopmental performance in 






I test the following hypotheses; 
i. White matter microstructure in preterm infants at term equivalent age is related to 
neurodevelopmental performance at 20 months in preterm infants (Chapter 5).  
ii. Exposure to perinatal clinical risk factors is associated with impaired white matter 
development in preterm infants at term equivalent age (Chapter 6).  
iii. Lateralisation of white matter fasciculi is evident in the brain of healthy term infants soon 
after birth (Chapter 7). 
 
1.3 Thesis outline  
The rest of this thesis is summarised below:  
 
Chapter 2 provides an overview of the main principles of MRI and dMRI and relevant WM analysis 
techniques.  
 
Chapter 3 provides an overview of brain maturation, the impact of preterm birth on brain 
development and neurodevelopmental outcome, and the use of MRI and dMRI to study neonatal 
populations.  
 
Chapter 4 presents an extensive methodological evaluation of TSA, demonstrating TSA’s 
suitability for infant studies and the advantages offered over current popular analysis techniques. 
 
Chapter 5 explores the relationship between white matter diffusion properties using TSA and DTI 
at term equivalent age and neurodevelopmental performance at 2 years in a cohort of 407 preterm 
infants. This analysis demonstrated anatomically-specific relationships between motor, cognitive 
and language performance and WM fasciculi.  
 
Chapter 6 presents the first application of FBA to a neonatal population. The effects of perinatal 
risk factors such as respiratory illness, nutrition and growth restriction on WM, and the association 
between WM and neurodevelopmental outcome were assessed. This analysis provides detailed 
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information on how such factors affect distinct fibre populations within WM regions of complex 
configurations and identifies associations between WM tracts and neurodevelopmental outcome. 
 
Chapter 7 applies TSA to dHCP diffusion data to assess lateralisation and maturation-dependent 
changes in DTI, NODDI and fixel-derived measures in term-born infants. The results demonstrate 
little to no hemispheric differences in WM, indicating that lateralisation emerges later in life. 
Maturation-dependent changes in WM tracts concur with previous DTI studies and novel findings 
demonstrate increases in the intra-axonal compartment and fibre cross-section.   
 






Chapter 2 Magnetic Resonance Imaging  
 
 
This chapter describes the principal concepts of magnetic resonance imaging, diffusion-weighted 




2.1 Nuclear magnetic resonance  
Nuclear magnetic resonance first described almost 80 years ago (Bloch, 1946; Purcell et al., 
1946) is the basis of magnetic resonance imaging (MRI). Atomic and subatomic nuclei possess 
the quantum property of spin angular momentum. Nuclei with non-zero spin, such as the hydrogen 
proton (1H) which has spin of ½, possess a magnetic dipole moment. 1H is used in MRI due its 
abundance in the body. When no magnetic field is present, the axes of the magnetic dipole 
moments are oriented randomly. When a constant external magnetic field, B+, is applied along a 
particular direction the magnetic moments align in one of two energy states – parallel or 
antiparallel to B+. In a three-dimensional coordinate system (x, y, z), the direction of B+ is chosen 
as the z-axis. There will be slightly more spins aligned parallel to B+ as this is the lower energy 
state, resulting in a net magnetisation, M+, in the direction of B+. The external magnetic field 
creates torque on the spins, acting perpendicular to both the field and the direction of the angular 
momentum, which causes them to precess about the axis of B+. The spins precess at the Larmor 
frequency, ω, given by  ω = 	γB+ 
 
where γ is gyromagnetic ratio, a proportionality constant that is fixed for a nucleus given by the 





Figure 2.1 Hydrogen protons possess spin, a quantum property that induces a molecular moment (a; 
black arrow) along the axis of rotation. When an external magnetic field, 𝐵1 (grey dotted line) is applied, 
spins precess about the field and align parallel to it (b), producing a net magnetisation vector, 𝑀2.  
 
 
Resonance occurs when another magnetic field, B3, is applied oscillating at the Larmor frequency 
and perpendicular to B+, along the x-axis. Resonance results in the absorption of electromagnetic 
energy by the spins. The spins now precess about B+ and B3, resulting in a spiral motion of the 
net magnetisation from the z-axis to the x-y plane. Simultaneously as the spins align with new 
magnetic field B3, they are brought in phase with each other, whereas previously they were not, 
creating transverse magnetisation. The angle by which M+ is flipped away from the z-axis, known 
as the flip angle, is determined by duration and strength of the radio frequency (RF) pulse B3. If 
this is witnessed by a static, external observer, they would see the spins precessing about B+ in 
the z-axis and B3 in the x-axis simultaneously to spiral down to the x-y plane. However, if the 
observer moves to a rotating reference frame, rotating at the Larmor frequency, the observer will 
no longer see the precession about the z-axis and only see the precession from the z-axis into 
the x-y plane as an arc. The net magnetisation is now rotating in the x-y plane, and a rotating 
magnetic field induces an electric current in charged particles. The current induced by the rotating 





Figure 2.2 The application of an RF pulse, 𝐵+, causes the net magnetisation vector to spiral towards the 
transverse plane. For a static observer, the spins precessing about B+ in the z-axis and B3 in the x-axis 
simultaneously to spiral down to the x-y plane. However, if the observer moves to a rotating reference 
frame, rotating at the Larmor frequency, they will only see the precession from the z-axis into the x-y plane 
as an arc. 
 
 
When the RF pulse is switched off, the system will return to equilibrium and the spins will return 
to their previous state. As the spins realign with B+, the longitudinal magnetisation, M4, returns 
and transverse magnetisation, M56, decays. These are independent processes. The rate of the 
return of the longitudinal magnetisation is characterised by the time constant T1: M4 = M+ 81− e;< =3> ?	. 
The rate of the decay of the transverse magnetisation is characterised by the time constant T2: M56 = M+e;< =B> 	. 
Both T1 and T2 are tissue-specific and T2 is always shorter than T1. Immediately after the RF 
pulse the spins are in phase but due to spin-spin interactions they begin to dephase, known as 
free-induction decay. The presence of inhomogeneities in B+ will result in differences in the 





Figure 2.1: Spin precession in a magnetic field.  Hydrogen protons possess spin, a quantum 
property that induces a molecular moment (A; black arrow) along the axis of rotation.  When 
an external magnetic field is applied, spins precess about the field with frequency 𝜔 (A) and 
align parallel to it (B), producing a net magnetisation vector 𝑀. 
  
                 
Figure 2.2:  RF-excitation of precessing spins.  The application of an RF-excitation field 𝐵1 
causes the net magnetisation vector to spiral towards the transverse plane at the angular 
frequency 𝜔 (A).  In a rotating frame of reference (B) this can be represented as a rotation of 
the vector towards the 𝑥𝑦-plane. 
Cessation of the transverse radio-frequency (RF) pulse causes the spins to gradually revert to their 
original state.  This reversion is characterised by two relaxation times, both of which can be modelled as 
exponential curves: 𝑇1, or spin-lattice relaxation (Equation 2.2), is the time taken for longitudinal 
magnetisation to recover to equilibrium as spins return to a low energy state; and 𝑇2, or spin-spin 
relaxation (Equation 2.3), which is the time taken for the received MR signal to decay due to a loss of 





Figure 2.3 Recovery of the longitudinal magnetisation occurs towards equilibrium, 
with a tissue dependent recover constant T1 (a). b: The transverse 




2.2 Magnetic resonance imaging 
To produce an image, the MR signal must be spatially localised. Magnetic gradients are used to 
spatially encode the MR signal (Lauterbur, 1973). By spatially varying the magnetic field, spins 
will precess at different rates depending on their location. By applying a gradient, G4, in z-direction 
at the same time as the RF pulse, the RF pulse transmitted will excite only spins at certain location 
that correspond to that resonant frequency. By transmitting an RF pulse with a given bandwidth 
of frequencies we can select a slice at a specific location and determine the slice thickness. 
Following slice selection, it is necessary to encode spatial information within the slice. Another 
gradient, G6 is applied immediately after the RF pulse, the phase-encoding gradient, which applies 
a permanent phase shift to the spins. Multiple successive phase encoding gradients of differing 
strengths are needed to determine the location of spins along the y-axis. A frequency encoding 
gradient, G5, also known as the readout gradient, is applied in the x-direction. This results in a 
mixture of frequencies corresponding to the location of the spins. The digitised MR signal is stored 
in k-space, a 2-dimensional matrix which represents spatial frequencies present. An image is 
constructed using a 2-dimensional inverse Fourier transform. It is possible to construct an image 
using a 3-dimensional Fourier transform by not introducing a slice-encoding gradient and instead 
applying a second phase-encoding gradient in the z-direction. Single-shot echo planar imaging 
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(EPI) is an imaging technique that fills k-space after a single RF pulse. The k-space lines are filled 
in by rapidly reversing the readout gradient, switching from positive to negative.  
 
Contrast between tissues is achieved by varying the time between RF pulses – the repetition time 
(TR) and the time between the RF pulse and readout – the echo time (TE). A long TR reduces T1 
contrast. If two tissues have different T1s, a long TR will allow the longitudinal magnetisation of 
both to recover almost fully, whereas a short TR will enhance T1 contrast. A short TE reduces T2 
contrast and long TE enhances T1. T2-weighted images are normally acquired using a spin-echo 
(SE) sequence. After the application of the 90º RF pulse, begin to dephase due to T2∗ effects. At 
a time of TE 2⁄ , a second 180º RF pulse is applied which rephases spins at time TE producing a 
signal decay governed by T2. Applying multiple rephasing RF pulses, an echo train, allows us to 
take multiple readouts from a single 90º RF excitation pulse.  
 
2.3 Diffusion-weighted imaging  
2.3.1 Brownian motion and diffusion 
Diffusion is the constant motion of particles suspended in a liquid due to thermal energy, even 
under thermodynamic equilibrium. Given an environment without restrictions, a particle will 
traverse a random walk, with direction changes following collisions with other particles. This 
process was described by botanist Robert Brown in 1828 who observed the random movement 
of pollen grains in water. Later, Albert Einstein (1905) and Marian Smoluchowski (1906) each 
derived mathematical characterisations of Brownian motion independently via different methods, 
which were confirmed experimentally by Jean Baptiste Perrin in 1908. Einstein described the 
mass motion of particles undergoing free diffusion as a 3-dimensional Gaussian distribution  
P(r) = 	 1L(4πDt)Q e;RSTR UV<W  
where r is a 3-dimensoinal displacement vector, t the diffusion time, and D is the diffusion 
coefficient which is 2.5 µm2/ms for water at room temperature. The root-mean-square 
displacement is given by  L〈‖r‖B〉 = √6Dt 
where 〈 〉 denote the averaging operator. This describes isotropic diffusion, in the absence of 
structural impediments to diffusion. However, in the brain the presence of axons, neuronal cell 
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bodies, glial cells and macromolecules comprise a heterogeneous environment which hinders 
and restricts diffusion. In the presence of these impediments, the measured root-mean-square 
displacement will be lower than predicted for water at room temperature. The term apparent 
diffusion coefficient was used to convey that the observed measure is influenced by the tissue 
microstructure. Diffusion is restricted if it is confined by physical boundaries, such as the diffusion 
of molecules in the intra-axonal space, causing the diffusion to become non-Gaussian. Hindered 
diffusion on the hand, where molecules are obstructed such as in the extra-axonal space, does 
follow the Gaussian distribution displacement (Assaf et al., 2004; Basser, 1995).  
 
2.3.2 Diffusion-weighted imaging 
Diffusion-weighted imaging (DWI) is a non-invasive imaging technique that is sensitised to the 
diffusion of water to generate contrast in MR images. To measure the diffusion of water molecules 
the pulsed gradient spin-echo (PGSE) sequence was proposed by Stejskal and Tanner (1965). 
The diffusion of water molecules was measured using two symmetric diffusion gradients added 
to either side of an EPI sequence. The first gradient is a spin dephasing gradient and the phase 
of each spin depends on its location with respect to the gradient. The spins are inverted by the 
180º RF pulse and the second diffusion gradient applied, identical to the previous one, rephasing 
the spins. For the spins that are translocated due to diffusion there will be a non-zero net phase 
shift, whereas for those that undergo no diffusion there will be no phase shift. A non-zero phase 
shift will result in attenuation of the spin-echo signal. The signal attenuated by the diffusion 
gradients, S, is given by the Stejskal-Tanner equation  S = 	S+e;^V 
where S+ is the signal without the application of diffusion gradients, D is the apparent diffusion 
coefficient and b is a measure of the diffusion-weighting applied, given by  b = 	 (γδ)B8Δ− δ 3> ?‖G‖B 
where γ is the gyromagnetic ratio, δ is the diffusion gradient pulse duration, G is the diffusion 





Figure 2.4 Diagram shows the pulsed gradient spin echo sequence used for diffusion MR imaging. Two 
diffusion-encoding gradient (Gdiff) pulses are applied to introduce a phase shift. δ = duration of the 
diffusion-encoding gradient, Δ = diffusion time interval, Gphase = phase-encoding gradient, Gread = readout 
gradient, Gslice = section-selective gradient, RF = radiofrequency pulse, t = acquisition time. Reproduced 
from Hagmann et al. (2006). 
 
 
2.3.3 Diffusion tensor Imaging  
The organisation of tissue microstructure will affect how water molecules diffuse, with coherently 
organised microstructure resulting in anisotropic diffusion (Hajnal et al., 1991; Moseley et al., 
1990; Thomsen et al., 1987). Within white matter (WM), water molecules diffuse more slowly 
perpendicular to the fibres than parallel to them. Under these conditions, the apparent diffusion 
coefficient will be different depending in the direction in which it is measured. To account for this 
(Basser et al., 1994) proposed that diffusion is characterised using the diffusion tensor, a 3×3 
symmetric, positive-definite matrix: 
D = dD55 D56 D54D56 D66 D64D54 D64 D44e 
The apparent diffusion coefficient is evaluated for a given direction u as u=Du. This gives the 
diffusion-attenuated signal  S =	S+e;^ghVg 
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along the gradient direction g. The diagonal elements give the diffusivities along the x-, y- and z-
axes and the off-diagonal elements give the correlation between them. The diffusion tensor D has 
six independent elements and therefore requires a minimum of one non-diffusion weighted image 
and six diffusion-weighted images, although usually more are acquired.  
 
The diffusion tensor is the covariance matrix of a 3-dimensional Gaussian probability distribution 
function (PDF) representing the distance that a molecule will diffuse to with equal probability. The 
isosurface of this PDF is an ellipsoid described by the eigensystem of D. The eigenvalues 
(λ3, λB, λQ) of D represent the diffusivities along the three principal axes of the tensor, given by the 
eigenvectors (e3, eB, eQ), where the eigenvector, e3, associated with the largest eigenvalue, λ3, 
defines the orientation of the tensor. In an anisotropic medium, the orientation of the tensor is 
taken to be aligned with the main fibre population orientation.  
 
 
Figure 2.5 Isotropic and anisotropic diffusion in the brain. In the white matter of the corpus callosum (red), 
diffusion occurs preferentially along the axonal fibres, resulting in anisotropic diffusion (b). In the 
ventricular cerebro-spinal fluid (CSF; green), diffusion is unhindered and can be described as isotropic 
(c). Diffusion tensor ellipsoids representing anisotropic and isotropic diffusion are shown in b and c, 
respectively. Reproduced from Pandit et al. (2013). 
 
 
The diffusion tensor provides scalar, rotationally invariant indices (Basser and Pierpaoli, 1996; 
Pierpaoli and Basser, 1996). Indices derived from λ3, λB, λQ are, by definition, independent of 
orientation. The magnitude of the diffusivity along the main fibre orientation as estimated by DTI 
is given by λ3, termed the axial diffusivity (AD). The average of the other two eigenvalues, the 
radial diffusivity (RD), give the magnitude of diffusivity across the fibres. The mean diffusivity (MD) 
is the average of all three eigenvalues and provides a measure of the overall diffusivity within a 
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voxel. Fractional anisotropy (FA) is the variance of the three eigenvalues normalised by the 
magnitude of the tensor; normalising by the magnitude of the tensor accounts for differences in 
the overall magnitude of diffusivity within a voxel. FA takes values between 0 and 1, and measures 
the degree to which diffusion within the voxel is isotropic. FA is given by  
FA = n32opλ3 − λqrB + pλB − λqrB + pλQ − λqrBLλ3B +	λBB + λQB  
where λq is the average of the three eigenvalues.  
 
While DTI has proven to be a powerful technique for studying the brain, a major limitation is that 
it is only able to depict a single fibre orientation within a voxel. DTI fails to represent appropriately 
the tissue microstructure in the presence of crossing fibres and DTI-derived measures lack tissue 
specificity as multiple microstructural features can affect them. Moreover, in a restricted 
environment, diffusion is no longer Gaussian and the tensor model deviates from the signal.  
 
2.3.4 Compartment models of microstructure 
Compartment models provide a biophysical interpretation of the diffusion-weighted signal and 
attempt to characterise the complexity of cerebral tissue by decomposing the signal into 
compartments describing diffusion within distinct microstructural constituents.  
 
Stanisz et al. (1997) first introduced the three-compartment model comprising a restricted intra-
axonal compartment, anisotropic hindered extra-axonal compartment and a restricted isotropic 
compartment describing diffusion within cellular structures such as glial cells. Behrens et al. 
(2003) presented a method to account for multiple fibre populations using the ball and stick model 
where diffusion along axons is represented by sticks and outside the axons diffusion is an 
isotropic ball. CHARMED (Assaf and Basser, 2005) models the intra-axonal space using cylinders 
with a distribution of radii given by the Γ-distribution and extra-axonal space as tensor  with a 
principle direction aligned with the cylinders. This was extended to provide an estimate of axon 
diameter in the AxCaliber framework (Assaf et al., 2008; Barazany et al., 2009). Alexander (2008) 
simplified CHARMED by using a single axon radius and symmetric tensor and was used in the 
ActiveAx framework to estimate axon diameter in biological tissue (Alexander et al., 2010; Dyrby 
et al., 2013) and axon diameter mapping in the presence orientation dispersion (Zhang et al., 
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2011). Recent work shows that the gradient amplitudes attainable with current clinical scanners 
are not able to estimate axon diameter accurately (Drobnjak et al., 2016; Nilsson et al., 2017).  
 
An in-depth study of compartment models was carried out by (Panagiotaki et al., 2012) to 
determine the necessary model components where multiple compartment representations are 
possible for diffusion signal in WM. Models for three compartments are explored. The intra-axonal 
compartment modelled as sticks (cylinders with zero radius), cylinders (with non-zero radius), or 
cylinders with a distribution of radii given by the Γ-distribution, the extra-axonal compartment 
modelled via variants of the tensor – an isotropic ball, a zeppelin (tensor with λB = λQ) and fully 
anisotropic tensor (λ3 > λB > λQ); the restricted isotropic compartment represented by uniformly 
distributed sticks or cylinders, or a sphere with either zero or non-zero radius. The authors 
demonstrate that three-compartment models perform better than two compartment models, 
specifically non-zero radius cylinders to represent the intra-axonal compartment, anisotropic 
tensor model for the extra-axonal compartment, and sphere representation of the isotropic 
restricted compartment in fixed rat tissue, and was supported by results from in vivo human tissue 
(Ferizi et al., 2014).  
 
Neurite orientation density and dispersion imaging (NODDI) (Zhang et al., 2012) simplified the 
model in (Zhang et al., 2011) to provide measures of neurite density and orientation dispersion. 
The model consists of three compartments modelling the intra-, extracellular and cerebrospinal 
fluid (CSF) environments. The intraneurite compartment captures the diffusion inside dendrites 
and axons, collectively termed neurites. The intraneurite compartment is modelled using sticks to 
represent unhindered diffusion along the neurites and highly restricted diffusion perpendicular the 
neurites. The orientation distribution can vary from highly parallel, reflecting the coherent 
organisation of WM fibres such as in the posterior limb of the internal capsule (PLIC) or the corpus 
callosum (CC), to highly dispersed, such as in regions of crossing fibres like the centrum 
semiovale or the complex configuration of the cortex. The Watson distribution is used to model 
the orientation distribution. The extraneurite compartment represents the space occupied by glial 
cells and neuronal somas (in grey matter), where diffusion is hindered. As the diffusion is not 
restricted, it is modelled as an anisotropic Gaussian distribution using a zeppelin. The CSF 
compartment is modelled as isotropic Gaussian diffusion This modelled has been widely applied 
across neuroimaging studies, including in connectivity, WM and grey matter (GM) analysis of 
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preterm infants (Batalle et al., 2017; Eaton-Rosen et al., 2015; Melbourne et al., 2016). However, 
NODDI has yet to be applied to study typical development in healthy newborns.  
 
More recently, Kaden et al. (2016a); (2016b) proposed a two-compartment model which uses the 
spherical mean of the diffusion signal over all gradient directions to fit microstructural parameters 
independent of fibre orientation, crossings and dispersion. Lampinen et al. (2017) used spherical 
tensor encoding to derive measures of microscopic anisotropic diffusivity, tissue mean diffusivity 
and free water diffusion, however the spherical tensor encoding technique required for this 
method is not yet applicable on most clinical systems. The DIAMOND model (Scherrer et al., 
2016) combined compartmental and statistical modelling to represent restricted, hindered and 
isotropic compartments using three peak-shaped matrix-variate distributions. DIAMOND 
estimates the number of tissue compartments in each voxel and provides compartment-specific 
measures of FA, AD, RD, MD and a measure of heterogeneity within the compartment. This 
model was recently applied to assess cortical maturation in the preterm cortex demonstrating a 
decrease in the radial organisation of the cortex (Eaton-Rosen et al., 2017). 
 
 
Figure 2.6 The three compartments of the NODDI model. Diffusion within the intraneurite compartment is 
restricted and modelled using sticks; diffusion within the extraneurite is hindered and modelled using a 
zeppelin; the CSF compartment of isotropic diffusion is modelled using an isotropic tensor. Adapted from 
Slattery et al. (2017). 
 
 
2.3.5 Spherical deconvolution  
Spherical deconvolution (SD) is a technique which estimates the fibre orientation distribution 
(FOD) in the presence of multiple fibre orientations (Alexander, 2005; Anderson, 2005; Dell'Acqua 
et al., 2007; Descoteaux et al., 2009; Tournier et al., 2004). It was initially introduced for single-
shell high angular resolution diffusion imaging (HARDI) data (Tuch et al., 2002) and is able to 
estimate FODs regardless of the number of fibre populations within a voxel. It is assumed that 
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each fibre bundle has the same diffusion properties, apart from the orientation, and that no 
exchange occurs between bundles over the time-scale of DWI acquisition. The signal emanating 
from each fibre bindle is independent and they can be summed. The diffusion-attenuated profile 
for an anisotropic fibre bundle is represented by a response function. The response function is 
low amplitude along the axis where diffusion is high, and high amplitude in the radial plane, where 
diffusion is low. SD assumes a fixed response function, typically estimated from a region of highly 
anisotropic WM assumed to contain only a single fibre population. The signal measured can be 
expressed as the convolution of the response function and the FOD. Therefore, the FOD can be 
recovered using deconvolution. SD is an ill-posed problem and susceptible to noise, producing 
biologically implausible negative peaks. This problem was first tackled using a low-pass filter but 
this limited angular resolution (Tournier et al., 2004) and later, a non-negativity constraint was 
included, constrained SD (CSD), which prevented negative lobes in the FOD (Tournier et al., 
2007). However, an inaccurate estimation of the response function can result in spurious peaks 
in the FOD (Parker et al., 2013). Dell’Acqua et al. (Dell'Acqua et al., 2007; Dell'acqua et al., 2010) 
presented an alternative CSD algorithm that was more robust to perturbations in the response 
function. Moreover, single-tissue SD does not account for partial volume effects from GM and 
CSF, which has been shown to affect up to half of all WM voxels (Roine et al., 2014). This 
produces spurious peaks in the FOD in the presence of CSF or GM. Exploiting the different 
diffusion dependencies of different tissues at multiple b-values multi-tissue CSD was introduced 
to derive tissue-specific response functions, where GM and CSF response functions are both 
isotropic, leading to improved estimation of the FOD (Jeurissen et al., 2014).  
 
2.3.6 Apparent fibre density 
CSD has led to the development of fibre-bundle-specific measures. Raffelt et al. (2012b) 
introduced a measure of apparent fibre density (AFD) of individual fibre populations estimated 
from the FOD. AFD is based on the assumptions that the intra-axonal water is restricted in the 
direction perpendicular to the fibre orientation, the extra-axonal diffusion-weighted signal is 
attenuated at high b-values, and the diffusion-weighted signal from the restricted compartment is 
preserved under typical DW gradient pulse durations used in vivo. Consequently, the radial DW 
signal is approximately proportional to the volume of the intra-axonal compartment (Raffelt et al., 
2012b). Since the FOD amplitude is proportional to the radial diffusion-weighted signal it provides 
a measure of fibre density determined as a proportion of the volume occupied by the fibre 
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population (Raffelt et al., 2012b), as illustrated by Figure 1.5. This measure would detect within-
voxel changes related to the volume of restricted water along a specific direction. AFD also 
accounts for differences in macroscopic WM structure across subjects. FODs are modulated 
according to changes in local volume, such as expansion or contraction, that occur during 
registration. This presents a measure pertaining to both microscopic changes in fibre density and 
macroscopic morphological changes that occur across voxels.  
 
 
Figure 2.7 A single fibre population within a voxel (A, B) and the expected diffusion-weighted signal profile 
(C) and the associated FOD. The FOD amplitude is proportional to the radial signal profile and therefore 
the fibre density of the fibre population. Image adapted from Raffelt et al. (2012a).  
 
 
Raffelt et al. (2017) makes a distinction between the changes in microstructure that occur within 
a voxel and the macroscopic changes in morphology that occur across voxels. They introduced 
a measure of fibre density (FD) derived solely from unmodulated FOD amplitude so as to describe 
changes in WM microstructure without the effects of macroscopic morphological changes. 
Changes in WM microstructure which would result in a reduction in FD can be visualised in Figure 
2.8a. Nonetheless, macroscopic alterations in morphology are likely to occur across WM during 
development, as depicted in Figure 2.8b, and need to be accounted for.  
 
In addition to FD, Raffelt et al. (2017) provide a measure of macroscopic differences in 
morphology based on the local deformations that are applied during registration. Changes in brain 
morphology have previously been investigated using voxel-based morphometry (VBM) 
(Ashburner and Friston, 2000) and tensor-based morphometry (Gaser et al., 2001; Leow et al., 
2006). Local changes in volume can be investigated using the information from a subject's 
nonlinear deformation to a template. At each voxel, the determinant of the Jacobian describes the 
expansion or contraction of the subject image relative to a target. This method focuses on the 
changes in fibre bundle that occur perpendicular the main fibre orientation as a reduced fibre 
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bundle cross-section would imply a reduced number of axons as illustrated in Figure 2.8b. Using 
FOD registration, it is possible to assess changes in volume with respect to specific fibre 
orientations. This provides a fibre bundle-specific measure of fibre cross-section (FC) based on 
the Jacobian determinant following registration of FOD images. 
 
 
Figure 2.8 A schematic representation of a fibre bundle cross-section made of numerous axons (grey 
circles) Anterior commissures voxels represented by the grid. Panels (a), (b) and (c) describe three 
different ways in which a fibre bundle can change: (a) a reduction in within-voxel fibre density; (b) a 
macroscopic change in fibre-cross section across voxels; (c) a combination of reductions in both fibre 
density and cross-section. Image adapted from (Raffelt et al., 2017).  
 
 
A similar measure based on FOD amplitude is the hindrance modulated orientational anisotropy 
(HMOA) index. HMOA is calculated as the absolute amplitude of each FOD lobe normalized to 
the highest FOD amplitude measurable in a biological sample (Dell'Acqua et al., 2013). This 
provides a measure of radial diffusion hindrance and fibre-bundle-specific anisotropy.  
 
2.3.7 White matter analysis  
2.3.7.1 Diffusion tractography 
Tractography is used to delineate WM pathways throughout the brain. As water molecules diffuse 
preferentially along the length of WM fibre it is possible to infer the trajectory of WM tracts. The 
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first implementations were based on the DT model and implemented a deterministic approach 
(Basser et al., 2000; Conturo et al., 1999; Jones et al., 1999; Mori et al., 1999; Poupon et al., 
2000). In these methods WM fibres are traced by tracking along the direction of principal diffusion. 
Tracking is initiated at the centre of a voxel and the streamline propagates along the direction of 
the largest eigenvector for a given step-size and the orientation is estimated at the new location. 
Tracking terminates when a region of low anisotropy, below a predefined threshold, is 
encountered or an angle greater than a given curvature threshold. The dependence on anisotropy 
can mean that reliable tracking in the neonatal brain can be difficult due to the lower FA in 
neonates compared to the adult brain. Inherent noise and the presence of complex fibre 
configurations mean that errors in the estimation of the fibre direction will be propagated along a 
streamline, resulting in potentially incorrect reconstructions of WM tracts (Jones, 2003).  
 
Probabilistic tractography methods were developed to quantify the uncertainty associated with 
fibre tracking and by using models that allow for multiple fibre estimates which can track through 
regions of crossing fibres (Behrens et al., 2007; Behrens et al., 2003; Parker and Alexander, 2005; 
Parker et al., 2003; Tournier et al., 2003). Multiple streamlines are propagated from a seed region 
within a voxel along a direction selected at random from a distribution of possible directions. 
Regions through which a high density of streamlines pass are considered more likely to be 
connected to the seed-point.  
 
Both deterministic and probabilistic tractography techniques have been used in neonatal 
populations to delineate tracts of interest. Tracts can be segmented by specifying regions of 
interest (ROIs) as start, end and waypoints for streamlines to pass through. This can be done 
manually or using automated methods. Manually drawn ROIs in the infant’s native space have 
been used with probabilistic tracking algorithms (Bassi et al., 2011; Bassi et al., 2008; Counsell 
et al., 2007) and with deterministic tractography (Adams et al., 2010; Dubois et al., 2006), or both 
(Berman et al., 2005). A number of automated methods have been used to segment tracts, such 
as ROIs defined in a group-averaged template and propagating these to each subject’s tensor 
images (Lebel et al., 2008), using a WM atlas (Aeby et al., 2009), and using cortical parcellations 
on structural MRI propagated to diffusion space as start and end points (Pandit et al., 2014; 




The major limitation of deterministic tractography implemented using the principal direction of the 
diffusion tensor is the inability to track more than a single fibre orientation within a voxel. As 
discussed previously, this is problematic in regions of crossing fibres. Using probabilistic 
tractography with DTI data can to some extent alleviate this restriction by allowing for multiple 
streamlines to track from a single seed point and capture more dispersed trajectories (Jones, 
2008). When HARDI data is available, multiple fibre populations can be resolved, and probabilistic 
CSD tractography has been successfully applied in neonatal populations to resolve complex WM 
configurations such as cerebellar tracts (Pieterman et al., 2017).  
 
2.3.7.2 Skeletonisation methods and fibre clustering  
Tract-based spatial statistics (TBSS) (Smith et al., 2006) is an automated multi-subject whole-
brain WM analysis method. It was introduced to overcome difficulties in achieving anatomical 
correspondence across subjects while carrying out whole-brain analysis without the need for 
spatial smoothing. Each subject’s FA images are nonlinearly aligned and averaged together to 
create a mean FA map. The mean FA image is skeletonised so that WM tracts are represented 
by a line or surface. This dimensionality reduction reduces the problem of multiple comparisons 
during statistical analyses. Skeletonisation is achieved by non-maximum-suppression in the 
direction perpendicular to local tract orientation. The skeleton produced consists of the voxels 
with maximum FA values, corresponding to the centre of WM tracts. Each subject’s FA values 
are then projected onto the skeleton. This is done by searching within each subject’s FA map for 
the closest maximum FA in the direction perpendicular to the skeleton. This projection step is to 
correct for any remaining misalignment between the centre of WM tracts in the subject and the 
FA skeleton. After data projection, statistical analysis is performed on the skeleton. TBSS has 
been used in a number of developmental studies (Anjari et al., 2007; Ball et al., 2010; Counsell 
et al., 2008; Rose et al., 2008; van Kooij et al., 2012b). Other methods have also taken similar 
dimensionality reduction approaches (Corouge et al., 2006; Goodlett et al., 2009; O'Donnell et 
al., 2009; Verde et al., 2014) with applications to paediatric populations (Feldman et al., 2012; 
Gilmore et al., 2007a; Yeatman et al., 2012). However, unlike TBSS’s whole-brain approach, 
these methods construct single tract skeleton representations of WM fasciculi as a single arc. 
Tract-specific analysis (TSA) (Yushkevich et al., 2008), on the other hand, represents individual 
WM tracts as surfaces. WM tracts are modelled using continuous medial representations (cm-
rep), which define each tract’s skeleton as a medial surface. The cm-rep model is described by a 
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coordinate system where each point has a position, and radius value describing tract thickness 
defining the tract boundary and diffusion data is projected onto the skeleton. Statistical analysis 
is carried out on the skeleton similar to TBSS.  
 
2.3.7.3 Region of interest analysis  
A commonly employed technique for WM analysis in neonatal studies is the manual delineation 
of ROIs (Bartha et al., 2007; Gao et al., 2009; Huppi et al., 1998a; Mukherjee et al., 2002; 
Partridge et al., 2004). ROIs produce accurate segmentations of anatomical structures; however, 
this requires expert knowledge of brain anatomy and can be time-consuming, especially if 
studying a large cohort and/or multiple structures. Furthermore, this technique is entirely 
dependent on the operator and therefore susceptible to bias and reproducibility errors (Pannek 
et al., 2012). 
 
2.3.8  Image registration  
Image registration is a key step in many group analyses of diffusion-weighted images. To localise 
WM differences, images must be brought into a common space to ensure anatomical 
correspondence across subjects. Removing inter-subject differences in shape and size ensures 
the remaining differences between subjects represent variation in diffusion properties. Therefore, 
WM analyses depend on the successful alignment of WM tracts and the quality of registration 
affects the extent to which results are driven by genuine group differences or misalignments.  
 
Most registration algorithms for diffusion-weighted images can be categorised into one of two 
groups. One approach uses scalar values such as FA or T1/ T2 intensities (Avants et al., 2008; 
Jenkinson et al., 2012; Rueckert et al., 1999), and the other uses higher-order information from 
the diffusion tensor, such as the principal eigenvector or full tensor information (Geng et al., 2010; 
Van Hecke et al., 2007; Xu et al., 2003; Yeo et al., 2009; Zhang et al., 2006). Registration based 
on rotationally invariant scalar indices such as FA avoids the complicated but necessary step of 
reorienting the diffusion data. The need for tensor reorientation to maintain anatomical 
consistency between adjacent structures is illustrated by Figure 2.9. However, using diffusion 
tensors for registration was shown to improve registration overall (Park et al., 2003) and explicit 
optimisation of tensor reorientation further improves alignment (Zhang et al., 2006) and detection 





Figure 2.9 A schematic which illustrates the need for tensor reorientation. Panel (a) shows an anisotropic 
region of a diffusion tensor image. Panel (b) shows the same slice after a 30° rotation about the z-axis 
with no reorientation of the diffusion tensors. Panel (c) shows the slice after the same rotation, but with 
each tensor transformed by the same rotation. Image reproduced from Zhang et al. (2007) 
 
 
More recently Raffelt et al. (2011) introduced FOD registration to overcome the limitation of DTI 
in regions of crossing fibres by leveraging crossing fibre information. FOD registration improved 
inter-subject spatial alignment over FA based registration, however this study did not include a 
comparison with tensor-driven registration algorithms.  
 
Neonatal dMRI data presents a specific challenge due to the lower resolution and contrast 
compared with adult data. Few studies have directly assessed the performance of different 
registration algorithms in neonatal populations. Ball et al. (2010) demonstrated that introducing 
an additional 6 degrees-of-freedom linear registration prior to affine and nonlinear warps and 
registering to a study-specific group-average template improved alignment in preterm neonates 
when using the FA-based FNIRT algorithm. Wang et al. (2011) evaluated the performances of 
eight registration algorithms in a population of neonates with infantile Krabbe disease and 
demonstrated that the tensor-based DTI-TK registration, based on the algorithm in (Zhang et al., 
2006), outperformed other scalar- and tensor-based techniques. However, this study only 





Chapter 3 The Developing brain  
 
 
This chapter provides an overview of brain maturation, discusses the impact of preterm birth on 
brain development and on neurodevelopmental outcome, and describes the use of MRI to study 




3.1 Normal brain development  
During the first half of gestation, human brain development is characterised by neuronal 
proliferation and migration. During the second half of gestation the transient laminar zones of the 
foetal brain reorganise into permanent cortical pathways. Cellular proliferation occurs initially 
around 2 months gestation; neuronal and radial glia proliferation peaks between 3-4 months and 
glial multiplication begins around 5 months gestation and continues well after birth, beyond the 
first year of life. Neurons produced in the ventricular zone (VZ) and subventricular zone (SVZ) 
migrate to the cortical plate (CP) via the subplate (SP). Neuronal migration peaks between 12-20 
weeks of gestation (de Graaf-Peters and Hadders-Algra, 2006). Around the 20th week of gestation 
the laminar structures of the foetal brain are (from the ventricles to the pia) the VZ, SVZ, 






Figure 3.1 Transient fetal organization of the developing cerebral wall during the 20th post-conception 
week (a), 21st-23rd post-conception weeks (b), 24th-32nd post-conception weeks (c) and after the 32nd post-
conception week (d)  on a T1-weight image. CP = cortical plate; SP = subplate zone; IZ = intermediate 
zone; SVZ = subventricular zone, WM = white matter; WMg = gyral white matter. Image modified from 
Figure 1 in Kostovic and Jovanov-Milosevic (2006). 
 
 
These zones are visible on conventional and diffusion MR imaging (Figure 3.1 and Figure 3.2) 
(Huang et al., 2009; Huang et al., 2006; Kostovic and Jovanov-Milosevic, 2006; Maas et al., 
2004). The SP is the thickest of these zones (Kostovic et al., 2002), where afferent fibres ‘wait’ 
prior to growing into the CP. It is characterised by migratory neurons, axons, and glial cells within 
a hydrophilic extracellular matrix (Kostovic and Judas, 2010). The central and periventricular 
regions contain crossing thalamocortical, corticofugal, callosal and association fibres (Judas et 
al., 2005). Towards 24 weeks gestation, thalamocortical afferent neurons have passed through 
the PLIC and through the periventricular crossroads and IZ to the superficial part of the SP where 
they wait before entering the CP (Kostovic and Jovanov-Milosevic, 2006). Neuronal differentiation 
and synaptogenesis first occur in the SP and continue in the CP (Kostovic and Judas, 2006). 
Between the 24th and 32nd weeks of gestation the thalamocortical afferents reach the CP. After 





Figure 3.2   MRI of 19 gestational week post-mortem foetal brain. (a) Average diffusion-weighted image, 
(b) color-coded orientation map (red: right–left, green: anterior–posterior, blue: superior–inferior 
orientations), (c) ADC map, (d) FA map, and (e) T1-weighted image. Cg = cingulum; ic = internal capsule; 




the CP between 26 and 28 weeks gestation (Kostovic and Judas, 2010). Dendritic differentiation 
and the formation of synapses within the CP establish the permanent thalamocortical pathways 
in the brain. 
 
As commissural, projection and association fibres proliferate into the CP, the SP decreases after 
31 weeks (de Graaf-Peters and Hadders-Algra, 2006) and the laminar structures disappear 
towards term. During this period the supratentorial brain volume increases 4-fold and growth rate 
is fastest in the CP (Scott et al., 2011). The ventricles also decrease with respect to total cerebral 
volume. Primary sulci and gyri appear around 31–34 weeks gestation (Kostovic et al., 2014a) and 
the CP begins to differentiate into the six cortical layers. Between 35 and 37 weeks there is a 
period of growth of interhemispheric connections, followed by the growth of long range 
intrahemispheric connections. There is an over-production of interhemispheric axons and axonal 
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branches prenatally (Innocenti and Price, 2005). This is followed by axonal pruning in the CC 
during the first and second postnatal months (Kostovic and Jovanov-Milosevic, 2006). Also during 
the first postnatal month, short cortico-cortical connections develop and there is an increase in 
the number of cortical synapses (Kostovic and Jovanov-Milosevic, 2006).  
 
Myelination is an important part of WM maturation. Processes of mature oligodendrocytes wrap 
around axons to increase the conduction velocity of electrical impulses. The myelin sheath is 
composite of multiple segments of oligodendrocyte processes and each oligodendrocyte can 
contribute myelin to an estimated 50 axons (Barkovich, 2000). Myelination follows a 
heterogeneous spatiotemporal pattern. The rostral brain stem, cerebellar peduncles and PLIC 
are myelinated at birth, the splenium of the CC and optic radiations begin myelinating shortly 
after, around 6 and 8 weeks post-term, respectively, and the frontal, parietal and occipital WM 
much later, between 8-12 months (Brody et al., 1987; Kinney et al., 1988; Paus et al., 2001; 
Yakovlev and Lecours, 1967). Myelin appears as high signal intensity on T1-weighted images 




Figure 3.3 T1-weighted (left) and T2-weighted (right) images of an infant born at 39.6 weeks GA and imaged 
after 2 days. The yellow arrows indicate the posterior limb of the internal capsule, which is myelinated at 





3.2 Preterm birth 
3.2.1 Epidemiology  
Preterm birth is defined as birth before 37 weeks completed gestation. Preterm birth can be 
categorised according to gestational age; infants born at less than 28 weeks GA are considered 
extremely preterm, infants born between 28 and 32 weeks GA are considered very preterm, and  
infants born between 32 and 37 weeks are considered moderate to late preterm. More than 1 in 
10 babies are born preterm around the world, and complications due to prematurity result in over 
1 million neonatal deaths every year (Howson et al., 2013). In the UK, 8% of babies are born 
preterm, and this figure is rising, as is the incidence of preterm birth around the world (Beck et al., 
2010; Blencowe et al., 2012). No clear aetiology has been identified, nonetheless several factors 
have been associated with increased risk of preterm birth. These include maternal history of 
preterm birth, multiple pregnancies, infection, genetic factors, and lifestyle-dependent factors 
such as excessive physical exertion, smoking, or alcohol consumption (Blondel et al., 2006; 
Gravett et al., 2010; Menon, 2008; Muglia and Katz, 2010; Plunkett and Muglia, 2008). 
 
3.2.2 Developmental outcome following preterm birth  
There are an estimated 15 million preterm births worldwide every year (Blencowe et al., 2012), 
resulting in a huge, and increasing, disease burden (Murray et al., 2012). Improvements in 
neonatal care have led to a decrease in mortality (Stoll et al., 2015) and more infants are surviving 
without disability (Moore et al., 2012), however preterm infants are still at greater risk of 
neurodevelopmental impairments than their term counterparts (Rogers and Hintz, 2016; Saigal 
and Doyle, 2008). Cognitive, motor and language deficits in the preterm population result in 
substantial economic costs in terms of health-care and educational needs (Mangham et al., 2009), 
and significant personal costs for individuals and their families. The severity of disability increases 
with prematurity (Larroque et al., 2008) and adverse effects persist into adulthood (Bauml et al., 
2017; Lindstrom et al., 2007). Morbidities often co-occur (Marlow et al., 2005a) and are likely to 
potentiate each other (Danks et al., 2017).  
 
3.2.2.1 Motor impairment  
Prematurity can present lasting significant motor impairments, with cerebral palsy being the most 
severe manifestation. The prevalence of cerebral palsy increases with decreasing gestational age 
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(GA); a meta-analysis by Himpens et al. (2008) reported the prevalence of cerebral palsy as 15% 
at 22–27 weeks, 6% at 28–31 and 1% at 32–36 weeks GA. Other risk factors include male sex, 
low birthweight and multiple births (Smithers-Sheedy et al., 2016). Overall rates of cerebral palsy 
have decreased (Platt et al., 2007; Reid et al., 2011) and this has been primarily due to the 
reduction of cystic periventricular leukomalacia (van Haastert et al., 2011). Nonetheless, motor 
impairments persist in the absence of cerebral palsy (Williams et al., 2010). Motor impairment 
within the preterm population range in types: fine and gross motor function, visuomotor 
integration, manual dexterity, ball skills, and balance skills  (Cooke, 2005; de Kieviet et al., 2009; 
Goyen and Lui, 2002; Goyen et al., 1998; Marlow et al., 2007). Although the severity of these 
deficits is likely to be lesser than that experienced by children with cerebral palsy, it can adversely 
affect their self-esteem, peer relationships and academic achievement (Marlow et al., 2007) 
 
3.2.2.2 Cognitive impairment  
Cognitive deficits following preterm birth vary in severity and across functional domains. While 
neonatal care for preterm infants has improved greatly, cognitive functional impairments persist. 
Increasing prematurity has detrimental effects on cognitive performance (Cooke, 2005; Joseph et 
al., 2016; Marlow et al., 2005b) and even late preterm infants perform worse than their term-born 
peers in cognitive assessment at preschool age (Shah et al., 2016; Spittle et al., 2017). 
Differences in executive function persist into adulthood (Allin et al., 2008; Lefebvre et al., 2005; 
Nosarti et al., 2007). In addition, preterm infants are also at higher risk of emotional and 
behavioural problems such as hyperactivity/inattention, emotional symptoms, and peer problems, 
which are also related to poor cognitive performance  (Bhutta et al., 2002; Delobel-Ayoub et al., 
2009; Hornman et al., 2016).  
 
3.2.2.3 Language impairment 
Language ability can be impaired in individuals born preterm (Barre et al., 2011; Vohr, 2014). 
Increased prematurity has been associated with decreased language performance (Skiold et al., 
2012) and preterm subjects perform worse than term born subjects (Allin et al., 2008; Doyle et 
al., 2010; Wolke and Meyer, 1999) even when controlling for IQ (Guarini et al., 2009). However, 
language and cognitive performance are interrelated and cognitive delay may account for 
language and phonetic deficits but probably not speech impairments (Wolke et al., 2008). 
Language development trajectories can vary during early childhood, however there is a positive 
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association between language abilities assessed at 2 and 4 years (Spencer-Smith et al., 2015), 
and the majority of children who score in the normal range at 3 years remain within the normal 
range at 5 years (Woods et al., 2014). Environmental factors such as socioeconomic status and 
maternal education become increasingly important to language development as children grow up 
(Reilly et al., 2010) and there is evidence that preterm adolescents have the potential to catch-up 
with term-born peers given a favourable socioeconomic status and in the absence of 
neurosensory disability (Luu et al., 2011).  
 
3.2.2.4 Neurosensory impairment  
Visual and hearing impairments can also occur as a result of prematurity. Retinopathy of 
prematurity (ROP) occurs due to aberrant retinal vascularisation and can lead to visual loss and, 
in extreme outcomes, blindness (Hellstrom et al., 2013). The risk factors are excessive oxygen, 
low GA, low birthweight and reduced postnatal grown (Chen and Smith, 2007; Klevebro et al., 
2016). Other factors such as hypoxia, hypercarbia, nutritional deficits, intraventricular 
haemorrhage and acidosis can also increase the risk of ROP (Repka, 2002). 
 
Auditory deficits can also occur. Hearing impairment requiring amplification is reported to affect 
1–9% of extremely low birthweight infants (Rogers and Hintz, 2016; Vohr, 2016). The EPICure 
study reported that in a population of infants born at less than 25 weeks GA, 3% had sensorineural 
hearing impairment not amenable to correction with hearing aids, 3% had hearing impairment that 
could be corrected with hearing aids, and 4% had mild hearing impairment (Marlow et al., 2005b). 
Hearing loss can present extra challenges by adversely affecting language development (Tomblin 
et al., 2015), however early intervention can improve language skills (Vohr et al., 2008; Watkin et 
al., 2007).  
 
3.2.3 Preterm brain injury   
Brain development is determined by both genetic and environmental cues. Preterm birth disrupts 
the pattern of normal brain development and, in infants born preterm, many of the events 
described in Section 3.1 may occur ex utero. The timing of neurodevelopmental events render 
cerebral pathways vulnerable to injury. Volpe (2009b) introduced the term the encephalopathy of 
prematurity to capture the myriad of insults and developmental events that occur during brain 
development following preterm birth. Brain injury in preterm infants can include periventricular 
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leukomalacia, germinal matrix haemorrhage, haemorrhagic parenchymal infarct, intraventricular 
haemorrhage and impaired global WM and GM development (Volpe, 2009a) . Neonatal MRI 
provides a non-invasive method to investigate in vivo the effects of prematurity and injury on 
cerebral macro- and microstructure. .  
 
3.2.3.1 Germinal matrix haemorrhage, intraventricular haemorrhage and haemorrhagic 
parenchymal infarction 
The germinal matrix is a highly vascular, periventricular region made up of glial and neuronal 
precursor cells. The germinal matrix has a rich capillary network. The inability to maintain stable 
cerebral blood flow and the vulnerability of the germinal matrix mean the preterm brain is 
particularly vulnerable to haemorrhages within the first 48hrs of life (Ballabh, 2010). If a 
haemorrhage in the germinal matrix is substantial it may develop into intraventricular 
haemorrhage (IVH) and could result in ventricular dilation (Murphy et al., 2002). IVH is a common 
diagnosis in preterm infants, occurring in almost a third of infants (Radic et al., 2015b). The 
severity of IVH can be graded with Papile’s grading system, where Grade I refers to germinal 
matrix haemorrhage (GMH), Grade II to IVH without ventricular dilation, Grade III to IVH with 
dilation and Grade IV, shown in Figure 3.4, refers to when IVH leads to damage to neighbouring 
parenchyma (Papile et al., 1978). MRI studies have shown IVH can lead to reduced cortical GM 
volume (Vasileiadis et al., 2004) decreased cerebellar volumes (Peterson et al., 2000; Tam et al., 
2011). Motor and cognitive abilities were positively correlated with total cerebral tissue volume, 
and cerebellar and thalamic volumes were positively correlated with motor performance in infants 
with IVH and ventricular dilation (Jary et al., 2012). Infants with grades I and II were shown to 
have lower FA in the superior cerebellar peduncles and the motor corticospinal tract (Morita et 
al., 2015). The incidence of cerebral palsy, deafness, and blindness has been shown to be higher 
in infants with IVH grades III and IV compared with infants with IVH grade I and II and infants 
without IVH in a cohort of preterm infants born between 24-28 weeks (Bolisetty et al., 2014; Radic 
et al., 2015a). Poorer developmental scores are related to increasing grade of IVH (de Vries and 
Groenendaal, 2002; Klebermass-Schrehof et al., 2012) however, even low grades of IVH can 







Figure 3.4 Haemorrhagic parenchymal infarct (HPI) in two preterm infants. The top row shows axial T2- 
(a) and T1-weighted (b) images of an HPI in an infant born at 25.7 weeks GA and imaged at 41.6 weeks 
PMA. The bottom row shows axial T2- (c) and T1-weighted (d) images of an HPI in an infant born at 30.0 
weeks GA and imaged at 42.4 weeks PMA. 
 
 
3.2.3.2 Periventricular leukomalacia  
Although there has been a decline in the incidence of cystic periventricular leukomalacia (PVL), 
it remains the most severe type of injury within the preterm population leading to major motor and 
cognitive deficits  (Hamrick et al., 2004; van Haastert et al., 2011; Volpe, 2001, 2003). The causes 
of PVL include ischemia, inflammation, intrauterine infection, excitotoxicity, and free-radical attack 
(Dammann and Leviton, 1997; Khwaja and Volpe, 2008; Resch et al., 2000; Rezaie and Dean, 
2002; Saliba and Marret, 2001). PVL is characterised by two components – focal necrosis in the 
periventricular WM, and a diffuse component of injury to premyelinating oligodendrocytes across 
the central WM (Volpe, 2009b). The necrotic foci may be macroscopic and visible on conventional 
MRI and ultrasound, and can evolve into cystic lesions, leading to cystic PVL. When the necroses 
are microscopic and not visible using imaging, they often form glial scars in the absence of 
macroscopic cysts, this is termed non-cystic PVL (Volpe, 2009a). The diffuse component is 
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marked by astrogliosis, microgliosis (Volpe, 2009b) and a loss of oligodendrocyte progenitor 
processes (Billiards et al., 2008). Disruptions to oligodendrocyte maturation result in subsequent 
impaired myelination.  
 
 
Figure 3.5 Schematic diagram of cystic (A) and non-cystic (B) periventricular leukomalacia exhibit, 
demonstrating the two component of PVL focal necrosis deep in the white matter and more diffuse injury 
characterised by a loss of pre-oligodendrocytes and marked astrogliosis. Image modified from Figure 1 
in Khwaja and Volpe (2008) 
 
 
Premyelinating oligodendrocytes are particularly suscpetible to injury (Volpe et al., 2011). Injury 
to premyelinating oligodendrocytes can be acute, comprising of cell death. (Back et al., 2005; Bell 
et al., 2005; Haynes et al., 2003). Late oligodendrocyte progenitors are distinctly vulnerable to 
hypoxia-ischemia and inflammation whereas cells in the earlier and later stages of the 
oligodendrocyte lineage are more robust (Back and Miller, 2014). This results in a defective 
regeneration response of oligodendrocytes. Following the degeneration of some late 
oligodendrocyte progenitors, surviving oligodendrocyte progenitors proliferate and replenish the 
depleted cells. However the regenerated late oligodendrocyte progenitors lack processes and the 
capacity to differentiate into mature myelin-producing cells (Back and Miller, 2014; Billiards et al., 
2008; Buser et al., 2012). 
 
Volumetric MRI studies have shown that PVL is accompanied by volume loss in the CC, thalamus, 
basal ganglia, cortex and cerebellum (Andiman et al., 2010; Argyropoulou et al., 2003; Inder et 
al., 1999; Kersbergen et al., 2015; Lee et al., 2011; Lin et al., 2001; Pierson et al., 2007). dMRI 
studies have shown PVL results in reduced FA in the corticospinal tract and thalamus. Kersbergen 
et al. (2015) found reduced FA in the corticospinal tract and reduced thalamic volumes in preterm 
infants with cystic PVL compared with preterm infants without focal brain injury and normal motor 
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performance at 15 months. Nagasunder et al. (2011) observed reduced volume and FA in the 
thalamus in preterm born children with PVL compared with term-born children. DTI studies have 
reported that WM FA values are related to motor ability in preterm survivors with PVL. Lower FA 
in the posterior CC and corticospinal tract was associated with greater motor dysfunction in adults 
and children with PVL (Lee et al., 2011), and FA values were significantly lower in the corticospinal 
tract in toddlers with cerebral palsy compared with non-impaired toddlers (Murakami et al., 2008).  
 
 
Figure 3.6 Main structures affected in premature infants with periventricular leukomalacia.  
Coronal sections of the cerebrum, pons, cerebellum, and medulla (inferior olivary nuclei) are shown. The left 
side shows the frequency of gliosis detected by neuropathological studies. The right side shows the major 
abnormalities detected by volumetric and diffusion-based MRI. BP =basis pontis. C=caudate. CC=corpus 
callosum. CCx=cerebellar cortex. De=dentate. GP=globus pallidus. ION=inferior olivary nuclei. P=putamen. 
T=thalamus. Reproduced from Volpe (2009a).  
 
 
The occurrence of lesions in the periventricular parenchyma during the early preterm period may 
affect any combination of callosal, associative, thalamocortical or projection fibres as these fibres 
all traverse this region. Lesions affect growing axons and also the cells responsible for axonal 
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guidance to specific regions of the brain (Kostovic and Judas, 2006) and cell proliferation and 
migration (Kostovic et al., 2014b). Acute damage to cells may disturb the axonal guidance and 
the formation of appropriate cerebral connections.  
 
 
Figure 3.7 Cystic PVL in a preterm infant. Axial T2- (a) and T1-weighted (b) images of an infant born at 
31.2 weeks GA and imaged at 42.7 weeks PMA.  
 
 
3.2.3.3 Punctate lesions 
Punctate lesions commonly occur in preterm infants (Childs et al., 2001; Dyet et al., 2006; Inder 
et al., 2003; Leijser et al., 2009; Ramenghi et al., 2007). They can be identified as high signal 
intensity on T1-weighted MRI and low-signal intensity on T2-weighted MRI, as shown in Figure 
3.8. These lesions often occur in the centrum semiovale, corticospinal tract, optic radiations and 
posterior periventricular WM (Bassi et al., 2011; Cornette et al., 2002; Dyet et al., 2006; Groppo 
et al., 2014; Kersbergen et al., 2014a; Wagenaar et al., 2017). Punctate lesions result in reduced 
FA beyond the spatial extent of the lesions themselves (Bassi et al., 2011; Li et al., 2017; Tusor 
et al., 2017), and have been associated with impaired myelination and cortical folding (Ramenghi 
et al., 2007) and reduced thalamic volume (Tusor et al., 2017; Wisnowski et al., 2015). The 
aetiology and clinical significance of punctate lesions remain unclear. Some studies show that 
developmental impairments were associated with the presence of six or more lesions (de Bruine 
et al., 2011a; Miller et al., 2003; Sie et al., 2005), however some studies not did not observe an 
association between punctate lesions and outcome (Cornette et al., 2002; Kersbergen et al., 
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2014a). Tusor et al. (2017) reported that motor disability was more common in infants with 
punctate WM lesions observed predominantly in the centrum semiovale and corona radiata, 
compared to infants without lesions, while punctate lesions in the frontal WM have been 
associated with impaired cognitive outcome at 18 months (Guo et al., 2017).   
 
 
Figure 3.8 Punctate lesion in an infant born at 28.9 weeks GA and imaged at 41. 6 weeks PMA, shown 
on T1-weighted image in the axial (a), sagittal (b) coronal view (c).  
 
 
3.2.3.4 Grey Matter Injury 
Prematurity has been associated with abnormal GM growth (Back, 2015). MRI studies have 
shown reduced cortical and deep GM volumes (Ball et al., 2012; Boardman et al., 2006; 
Srinivasan et al., 2007), and reduced cortical folding and surface area (Ajayi-Obe et al., 2000; 
Dubois et al., 2008a; Engelhardt et al., 2015). In comparison with term-born infants, preterm 
infants at term-equivalent age have increased cortical FA and MD (Ball et al., 2013), while lower 
GA, lower birthweight  and slower weight gain have been associated with higher FA in the preterm 
cortex (Vinall et al., 2013). Preterm birth can result in long-term GM alteration such as decreased 
cortical volume and gyrification in children and adolescents (Kesler et al., 2004; Lodygensky et 
al., 2005; Nosarti et al., 2002; Zhang et al., 2015)  
 
3.2.4 Perinatal risk factors 
In addition to the degree of prematurity, there are several clinical factors that can adversely affect 




3.2.4.1 Intrauterine growth restriction  
Intrauterine growth restriction (IUGR) is major cause of morbidity and mortality (Bernstein et al., 
2000; Kady and Gardosi, 2004) and is associated with neurodevelopmental impairments including 
motor and cognitive delay (Padilla et al., 2011; Tolsa et al., 2004; Torrance et al., 2010). MRI 
studies have demonstrated that in comparisons with appropriate for gestational age preterm 
infants IUGR preterm infants have reduced cortical GM volume (Dubois et al., 2008a; Inder et al., 
2005; Tolsa et al., 2004), reduced occipital cerebral tissue volume (Thompson et al., 2007), 
reduced thalamic and basal ganglion volume (Bruno et al., 2017), and decreased FA in the 
splenium and genu of the corpus callosum and increased FA in the corona radiata (Padilla et al., 
2014). 
 
3.2.4.2 Respiratory illness 
Respiratory illness in preterm infants affects between 14-20% of infants born before 30 weeks 
GA and infants with birth weight less 1500g (Baraldi and Filippone, 2007; Groenendaal et al., 
2010), increasing to 68% in infants born between 22-26 weeks GA (Costeloe et al., 2012). It has 
been associated with impaired developmental outcome (Kobaly et al., 2008; Lodha et al., 2014; 
Natarajan et al., 2012; Short et al., 2003; Vohr et al., 2000). Conventional MRI studies have 
reported cerebral tissue volume reductions (Boardman et al., 2007; Inder et al., 2005; Thompson 
et al., 2007), and TBSS studies have demonstrated alterations in WM microstructure. Decreased 
FA was observed in preterm infants who required oxygen therapy at 36 weeks’ gestation 
compared with preterm infants who didn’t in the left inferior longitudinal fasciculus (Anjari et al., 
2009). A larger study found an association between increased length of neonatal respiratory 
support and increasing diffusivities and decreasing FA across WM (Ball et al., 2010) 
  
3.2.4.3 Parenteral nutrition  
Parenteral nutrition forms an integral component of neonatal care for preterm infants when a 
patient’s nutritional needs are not being met due to gastrointestinal immaturity or disease (Hay, 
2013). Reduced energy and protein intake during the first week of life has been associated with 
impaired cognitive and motor performance (Stephens et al., 2009), while greater rate of weight 
gain is associated with improved neurodevelopmental outcome in low birth weight infants (Claas 
et al., 2011; Ehrenkranz et al., 2006; Franz et al., 2009). Total parenteral nutrition (TPN) has been 
associated with qualitatively assessed brain abnormalities on conventional MRI (Brouwer et al., 
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2017; Kidokoro et al., 2013), and Beauport et al. (2017) found that increased combined parenteral 
and enteral intake of total energy, fat, and carbohydrates within the first two weeks of life was 
associated with reduced risk of cerebral abnormalities at TEA. These studies employed the 
scoring system for cerebral abnormalities outlined in Kidokoro et al. (2013) which combines sub-
scores of WM, cortical GM, deep GM and cerebellar abnormalities assessed on T1- and T2-
weighted scans.  
 
3.2.4.4 Necrotising enterocolitis  
Necrotising enterocolitis (NEC) is characterised by acute and chronic intestinal inflammation. The 
pathogenesis remains unclear however, the most common risk factors are low birthweight and 
low GA (Lin and Stoll, 2006). NEC occurs in approximately 9% of infants (Stoll et al., 2015; 
Wojkowska-Mach et al., 2014). It is a leading cause of mortality and morbidity in preterm infants, 
with survival to discharge in extremely low birth weight infants who undergo operation for NEC at 
only 51% (Blakely et al., 2005). Neurodevelopmental impairment has been reported in 45% of 
children who had neonatal NEC (Rees et al., 2007), and those who undergo surgery are at greater 
risk of neurodevelopmental impairment than infants treated medically or those without NEC (Hintz 
et al., 2005). Merhar et al. (2014) reported increased WM injury, graded according to the 
qualitative scoring system described by Miller et al. (2005), in preterm infants treated surgically 
compared with those treated medically. NEC has also been associated with increased rates of 
IVH (Lee et al., 2014), higher FA in the cortex (Vinall et al., 2013), and reduced FA and increased 
MD in the splenium of the corpus callosum (Brossard-Racine et al., 2017). 
 
3.2.4.5 Chorioamnionitis  
Chorioamnionitis refers to the acute inflammation of the membranes and the chorion of the 
placenta. This usually occurs due to ascending microbial infection following membrane rupture. 
Chorioanmionitis is a cause of preterm labour, (Goldenberg et al., 2008; Goldenberg et al., 2000), 
with occurrence increasing with decreasing GA, observed in 66% at 20 to 24 weeks of gestation 
decreasing to 16% at 34 weeks (Lahra and Jeffery, 2004). The effects of chorioanmionitis on an 
infant’s development remain unclear, with conflicting results from a number of studies. Several 
studies suggest that chorioanmionitis has a protective effect on respiratory distress syndrome 
(Lahra et al., 2009b) and chronic lung disease (Lahra et al., 2009a), and a protective effect on 
mortality rates after adjusting for other perinatal risk factors (Hendson et al., 2011). While other 
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studies report chorioanmionitis is a risk factor for cystic PVL and cerebral palsy (Jacobsson et al., 
2002; Wu, 2002; Wu and Colford, 2000; Wu et al., 2003), impaired neuromotor performance 
(Berger et al., 2009), abnormal neurologic outcome (Kaukola et al., 2006). DTI studies of 
histological chorioanmionitis have also produced differing results. An ROI study found with no 
difference in DTI measures between preterm infants with chorioanmionitis and preterm infants 
without exposure to chorioamnionitis (Chau et al., 2009), while  a TBSS study reported lower FA 
values across the WM in exposed infants (Anblagan et al., 2016). 
 
3.2.4.6 Patent ductus arteriosus  
The ductus arteriosus is a foetal blood vessel that connects the right ventricular outflow tract to 
the descending aorta, and should close within the first 24hours of life in term infants. However in 
8 in 1000 preterm infants the duct fails to close (Forsey et al., 2009). Treatment for PDA can be 
either medical treatment with cyclooxygenase inhibitors or surgical ligation. Infants treated, either 
medically or surgically, scored worse on neurodevelopmental assessments than infants not 
treated for PDA, with infants treated surgically performing worse than infants treated medically 
(Bourgoin et al., 2016; Janz-Robinson et al., 2015; Madan et al., 2009). There were differences 
between the three groups in GA, birthweight and respiratory condition, however the risk of 
impaired neurodevelopmental remained significantly higher in the PDA treated group after 
correcting for these factors (Bourgoin et al., 2016; Janz-Robinson et al., 2015). MRI studies have 
reported conflicting findings on the effects of PDA on the brain. Padilla et al. (2015) reported 
reduced brain volumes in infants treated medically for PDA compared with preterm infants treated 
medically and infants not treated for PDA, but the study also found regions of increased cortical 
GM volume in infants treated surgically compared with infants not treated for PDA. PDA has been 
associated with reductions in cerebellar volume and pontine diameter (Argyropoulou et al., 2003). 
However, Lemmers et al. (2016) found no significant brain volumes differences or differences in 
FA and diffusivities in the PLIC between infants treated surgically, infants treated medically and 
infants without PDA. Conversely, Rogers et al. (2016) found reduced FA in the anterior limb of 
the internal capsule (ALIC) in preterm infants medically treated for PDA compared with preterm 




3.2.4.7 Infection and sepsis  
Preterm infants are at risk of infection during the perinatal period (Adams-Chapman and Stoll, 
2006). 65% of extremely low birthweight infants have at least one infection, such as sepsis, 
meningitis or NEC (Stoll et al., 2004), and compared with uninfected extremely low birthweight 
infants are significantly more likely to experience motor, cognitive and visual impairments 
(Alshaikh et al., 2014; Chau et al., 2012; Stoll et al., 2004), while mortality is significantly higher 
in infants with sepsis than in uninfected infants (Stoll et al., 2002a, b). Infection in preterm infants 
has been associated with increased WM injury. Infants with PVL had significantly higher rates of 
culture-positive infection (Graham et al., 2004) and increased incidence of WM injury was 
observed in infants with recurrent infection compared with infants with one or no infection (Glass 
et al., 2008). In newborn mice, moderate systemic inflammation during the period equivalent to 
preterm in human resulted in an increase in the number of non-myelinated axons and reduced 
axon diameter (Favrais et al., 2011). DTI studies of infants with culture-positive infection reveal 
reduced WM FA  and increased MD compared with uninfected preterm infants, after correcting 
for WM injury and GA at birth (Chau et al., 2012), a slower rate of increase of WM FA between 
25 and 45 weeks PMA (Adams et al., 2010), and reduced cerebellar FA (Tam et al., 2009).  
 
3.3 MRI in neonates  
MRI allows in vivo assessment of brain development. The application of MRI to neonatal 
populations has brought new insights into normal and preterm brain maturation, the effects of 
perinatal risk factors and the relationship between cerebral macro- and microstructure and 
neurodevelopmental outcome. This section provides a brief overview of MR studies in the preterm 
brain, and more detailed discussions follow in Chapters 4-7.  
 
3.3.1 Qualitative T1- and T2-weighted studies 
As mentioned in Section 3.2.3, MRI can be used to assess brain injury associated with prematurity 
(Inder et al., 2003; Rutherford et al., 2010). Brain injury observed on conventional MRI is 
associated with developmental impairment (Brouwer et al., 2017; Miller et al., 2005; Reidy et al., 
2013; Rutherford et al., 1998; Shah et al., 2006; Spittle et al., 2009; Woodward et al., 2006; 
Woodward et al., 2005). Such studies typically employ a qualitative assessment of a combination 
of several image characteristics, including signal abnormality in the WM, ventricular dilation, cystic 
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lesions, thinning of the CC and the presence of GM abnormalities. Nonetheless these methods 
are subjective, dependent on the assessor’s experience and are unable to identify infants at risk 
of developmental impairment in the absence of overt injury. Quantitative MRI can provide 
objective assessment of changes in brain tissue associated with maturation, prematurity, injury 
and developmental performance in preterm populations.  
 
3.3.2 Volumetric MRI studies 
Volumetric MRI studies of preterm infants demonstrate that total brain volume increases between 
23-48 weeks PMA (Ajayi-Obe et al., 2000; Huppi et al., 1998b; Kapellou et al., 2006; Kuklisova-
Murgasova et al., 2011; Makropoulos et al., 2016; Peterson et al., 2003; Soria-Pastor et al., 2009). 
Absolute volumes of cortical GM, deep GM, WM and the ventricles increase, as shown by Figure 
3.9 and Figure 3.10 (Makropoulos et al., 2016), but relative volumes, as a percentage of total 
brain volume, of the brainstem, WM and ventricles decrease and relative values of the cortical 
GM and cerebellum increase (Makropoulos et al., 2016; Nishida et al., 2006).  
 
However, preterm infants have reduced cortical GM, deep GM and WM volumes and increased 
CSF volume compared to term-born infants at TEA (Boardman et al., 2006; Inder et al., 2005; 
Thompson et al., 2007; Zacharia et al., 2006), and the extent of cerebral tissue volume reduction 
and increase in CSF volume is associated with the degree of prematurity (Inder et al., 2005; Soria-
Pastor et al., 2009). Furthermore, differences in brain volume persist into adolescence (Nosarti et 
al., 2002; Peterson et al., 2000).  
 
Brain tissue volumes estimated during the perinatal period are related to developmental 
performance in preterm infants. Decreased total brain volume, cortical and deep GM volume, 
cerebellar volume and increased CSF and ventricular volumes are associated with impaired 
motor function and developmental delay (Inder et al., 2005; Lind et al., 2011; Peterson et al., 





Figure 3.9 Absolute tissue volumes of cortical grey matter (CGM), white matter (WM), cerebrospinal fliud 
(CSF), ventricles, basal ganglia and thalami (BGT), cerebellum, brainstem and whole brain in a cohort of 






Figure 3.10 Cortical surfaces of preterm neonates at 28, 36 and 44 weeks PMA at scan demonstrating 
the increase in cortical folding and brain volume during the perinatal period. The surfaces are segmented 
into the frontal lobe (pink), parietal lobe (magenta), occipital lobe (bright greent), medial and inferior 
temporal gyri (yellow), superior temporal gyrus (blue and dark blue) and the insula (mint green). 
Reproduced from Makropoulos et al. (2016).  
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3.3.3 Diffusion-weighted imaging studies  
dMRI provides a quantitative tool to study in vivo microstructural changes associated with 
maturation and injury in neonatal populations. A number of analysis approaches have been 
employed to study brain maturation including ROI approaches, tractography and TBSS. The 
perinatal period is characterised by a pattern of decreasing diffusivity and increasing FA in the 
cerebral WM in preterm infants (Akazawa et al., 2016; de Bruine et al., 2011b; Kersbergen et al., 
2014b; Miller et al., 2002; Partridge et al., 2004; van Pul et al., 2012) and term infants (Akazawa 
et al., 2016; Dubois et al., 2006; Oishi et al., 2011). FA continues to increase and diffusivity 
decreases during the first 2 years after birth in term (Forbes et al., 2002; Gao et al., 2009; Geng 
et al., 2012) and preterm infants (Young et al., 2016).  
 
WM maturation follows a heterogeneous spatiotemporal pattern, with different fasciculi maturing 
at different times and different rates (Braga et al., 2015; Dubois et al., 2008c; Dubois et al., 2006; 
Gao et al., 2009; Kulikova et al., 2015; Nossin-Manor et al., 2013; Nossin-Manor et al., 2015; 
Oishi et al., 2011; Rose et al., 2014) in a posterior-to-anterior and a central-to-peripheral direction 
of maturation. A post-mortem study of WM organisation between 17-40 weeks gestation revealed 
that projection fibres such as the corticospinal and corticothalamic tracts were identifiable as early 
as 17 weeks gestation and long-range intrahemispheric association fibres can be delineated from 
20 weeks, while short-range cortico-cortical pathways emerge around 24 weeks gestation 
(Takahashi et al., 2012).  
 
Lower FA and increased diffusivity are found across the WM in preterm infants compared with 
term-born infants (Anjari et al., 2007; Huppi et al., 1998a; Rose et al., 2008; Thompson et al., 
2011) and increased prematurity is associated with lower FA and higher diffusivity (Arzoumanian 
et al., 2003; Ball et al., 2010; Dudink et al., 2007; Hasegawa et al., 2011; Partridge et al., 2004). 
Furthermore infants with WM injury identified on conventional MRI show reduced anisotropy and 
increased diffusivity across the WM in comparison to preterm infants with normal MRI scans 
(Cheong et al., 2009; Counsell et al., 2003a; Counsell et al., 2006; Huppi et al., 2001; Liu et al., 
2012; van Pul et al., 2012) and the rates of increase in FA associated with maturation are slower 






WM diffusion measures at TEA have been related to later neurodevelopmental performance later 
in life. Increased FA and decreased diffusivity in the WM are associated with improved motor, 
cognitive and language performance (Arzoumanian et al., 2003; Counsell et al., 2008; De Bruine 
et al., 2013; Duerden et al., 2015; Krishnan et al., 2007; Rose et al., 2007; Salvan et al., 2017; 
van Kooij et al., 2012b) and improved visual function (Bassi et al., 2008; Berman et al., 2009; 
Groppo et al., 2014). These associations persist into childhood and adolescence, with poorer 
cognitive and motor abilities associated with reduced FA in the WM (Eikenes et al., 2011; Murray 
et al., 2016; Skranes et al., 2009; Skranes et al., 2007; Vollmer et al., 2017).  
 
3.3.4 MR Relaxometry  
MR relaxometry estimates T1, T2, and 𝑇2∗ relaxation times. Quantitative maps of relaxation 
parameters provide measures of tissue content, as they are influenced by tissue density, water 
content and macromolecular composition (Deoni, 2010). The decrease in T1 and T2 relaxation 
times observed during the first year of life is assumed to be driven by the increase in lipids and 
other macromolecules due to myelination, pre-myelination events and a decrease in water 
content (Paus et al., 2001). Relaxometry techniques have been used to derive myelin-related 
measures, in particular myelin water fraction (MWF), by decomposing the MR signal into its 
constituent components from distinct water compartments. MWF has been shown to correlate 
well with myelin content estimated from histology (Laule et al., 2008; Laule et al., 2006; Webb et 
al., 2003). MWF has been used to demonstrate the pattern of myelination during the first year of 
life in healthy infants (Dean et al., 2016; Deoni et al., 2012; Deoni et al., 2011). Studies in preterm 
infants during the perinatal period have shown a decrease in T2 (Counsell et al., 2003b), 
increases in MWF in the thalamus and posterior WM (Melbourne et al., 2016), longer T2 in very 
preterm infants compared to late preterm infants (Knight et al., 2018), and compared to term-born 
infants (Hagmann et al., 2009; Pannek et al., 2013).  
 
3.3.5 MR Spectroscopy 
MR spectroscopy has been used to measure metabolic markers of normal and preterm brain 
development. Metabolites measured with MR spectroscopy include N-acetyl-aspartate (NAA), 
which is found in mature neurons and axons, creatine (Cr), an energy metabolite, choline (Cho), 
a membrane metabolite, glutamate (Glu), the most abundant excitatory neurotransmitter in the 
brain, and lactate which is produced under conditions of inflammation and anaerobic metabolism 
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(Moffett et al., 2007; Shih et al., 2004). Studies in preterm infants reveal changes in brain 
metabolites associated with maturation, prematurity and neurodevelopmental performance. 
Studies have shown NAA/Cho ratio increases and Lac/NAA and Lac/Cr ratios decrease with 
increasing age at scan in the thalamus, basal ganglia, calcarine GM, corticospinal tract, parietal, 
frontal and posterior WM (Augustine et al., 2008; Card et al., 2013; Xu et al., 2011). MR 
spectroscopy measurements in preterm infants at TEA showed a positive correlation between 
NAA/Cho ratio and GA at birth in the posterior WM (Kendall et al., 2014) and reduced NAA/Cho 
and NAA/Cre ratios in the frontal WM compared with term-born infants (Hyodo et al., 2017). 
Reduced NAA/Cre was also observed in the basal ganglia in preterm infants with WM injury 
compared to preterm infants without WM injury (Card et al., 2013). Increased Lac/Cr and Lac/Cho 
levels in the basal ganglia were also associated with increased illness severity at birth as 
measured by Apgar score at 1 and 5 minutes and Clinical Risk Index for Babies II (Card et al., 
2013; Ezz-Eldin et al., 2015). 
 
Changes in metabolites of preterm infants measured at TEA have been associated with later 
neurodevelopmental performance. Preterm infants with normal developmental performance at 18 
months showed higher NAA/Cho ratio in the right and left thalami compared with preterm infants 
with mild neurodevelopmental delay (Hyodo et al., 2017). Increased NAA/Cho ratio and 
decreased Cho/Cr ratio in the posterior cerebral WM were associated with higher composite and 
scaled gross motor scores assessed with the Bayley Scales of Infants and Toddler Development, 
3rd edition (BSID-III), at 1 year of age, after correcting for GA at birth (Kendall et al., 2014). Similar 
correlations were seen with composite language and cognitive scores but were not significant 
after correcting for GA at birth (Kendall et al., 2014). Cerebellar NAA/Cho ratio were significantly 





Chapter 4 Tract specific analysis in preterm infants  
 
 
Tract-specific analysis (TSA) is a WM analysis method that may offer potential benefits over other 
widely-used methods such as region-of-interest approaches or tract-based spatial statistics 
(TBSS). TSA produces a skeleton representation of WM tracts and projects the group’s diffusion 
data onto the skeleton for statistical analysis. In this chapter, the performance of TSA for analysing 
preterm infant data is evaluated against results obtained from native space tractography and 
TBSS. The results demonstrate that the registration employed in TSA provides better WM tract 
alignment than a previous TBSS protocol optimised for neonatal spatial normalisation, and that 
TSA projects FA values in close agreement with values derived from native space tractography.  
 
This work is published in Pecheva et al., "A tract-specific approach to assessing white matter in 





dMRI is increasingly being used to study brain development and injury in infants. Using metrics 
derived from DTI (Basser et al., 1994) we have gained valuable insights into the effects of 
maturation and injury on WM in healthy and patient infant populations. A number of approaches 
have been used to analyse DTI data during development. Manually-drawn ROIs (Gao et al., 2009; 
Huppi et al., 1998a) or tractography using manually-placed waypoints (Bassi et al., 2008; Dubois 
et al., 2008c; Dubois et al., 2006) are generally assumed to produce anatomically accurate results 
but these methods become prohibitively labour-intensive for large cohort studies. Subsequently 
a number of methods have been developed for automatic segmentation of WM tracts (Suarez et 
al., 2012; Zhang et al., 2010b). However, establishing correspondence between subjects’ WM 
tracts can be problematic due to inter-subject variability in anatomy and DTI characteristics, which 
can result in differences in tractography or segmentation. It is possible to average the DTI metrics 
over the entire tract (Lebel et al., 2008) but localised differences may be missed. Correspondence 
can be achieved by sampling at equivalent levels along tracts (Groeschel et al., 2014; Verde et 
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al., 2014) or parameterising WM tracts by arc length, essentially reducing entire tracts to a single, 
core line (Corouge et al., 2006; Goodlett et al., 2009; O'Donnell et al., 2009; Verde et al., 2014; 
Yeatman et al., 2012). These methods have been used to study neurodevelopment in toddlers 
(Geng et al., 2012; Goodlett et al., 2009), WM heritability in twin neonates (Lee et al., 2015), 
infantile Krabbe disease (Gupta et al., 2015), and prenatal exposure to selective serotonin 
reuptake inhibitors (Jha et al., 2016). However, these methods are more suitable for tubular rather 
than sheet-like tracts. Collapsing tracts such as the corticospinal tract into a single line, especially 
in the region of the fanning cortical projections, fails to appropriately represent the tract 
macrostructure and averaging over such a large area may obscure microstructural changes. 
Moreover, bundles such as the corpus callosum need to be separated into tubular regions and 
cannot be analysed as a whole.  
 
Exploiting the sheet-like structure of many WM tracts, tract-based spatial statistics (TBSS) was 
introduced (Smith et al., 2006) and initiated the practice of projecting volumetric data onto a WM 
skeleton. Although it has proven to be a valuable analysis tool for studying development (Anjari 
et al., 2007; Ball et al., 2010; Counsell et al., 2008; Rose et al., 2008; van Kooij et al., 2012b), 
recent studies have discussed the potential pitfalls of TBSS (Bach et al., 2014; de Groot et al., 
2013; Edden and Jones, 2011; Schwarz et al., 2014; Van Hecke et al., 2010; Zalesky, 2011). A 
particular limitation of TBSS is a lack of anatomical specificity due to the construction of the 
skeleton for the entire WM, rather than separately for each individual WM tract. Although TBSS 
is useful when there is no a priori hypothesis regarding the anatomical location of an effect of 
interest, it makes it impossible to distinguish between adjacent WM tracts such as the inferior 
longitudinal and inferior-fronto-occipital fasciculi.  
 
Tract-specific analysis (TSA) (Yushkevich et al., 2008) is an alternative WM analysis method that 
creates skeleton models of individual WM tracts onto which diffusion data can be projected for 
statistical analysis. In TSA, subjects are registered to a study-specific template using a tensor-
based algorithm (Zhang et al., 2006). Following registration, tracts of interest are delineated from 
the template using deterministic tractography and manually-drawn ROIs. From the tractography 
results, a medial surface is determined for each tract that simultaneously defines its skeleton and 
boundary (Yushkevich and Zhang, 2013). The skeleton also describes local tract thickness via 
the radius function defined as equal to the radius of the maximal inscribed sphere within the 
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boundary centred at that point on the skeleton. Diffusion data from every subject is then projected 
onto the skeleton, similarly to TBSS. TSA samples data to be projected onto each point of the 
skeleton by searching along the unit normal from that point to the tract boundary. The tract 
boundary defines the stopping criteria. This aims to limit potential voxel misassignment from 
neighbouring tracts. The TSA framework allows for either a maximum-value or mean-value data 
projection strategy. In the maximum-value strategy, the tensor with the highest FA value is 
selected. In the mean-value strategy, the average tensor is computed and from this average 
tensor, scalars such as FA are computed. Statistical analysis of projected diffusion data is then 
carried out at each point on the skeleton. The key aspects of the TSA and TBSS pipelines and 
their differences are summarised in . 
 
Table 4.1 A summary of the key aspects of the TSA and TBSS pipelines.   
Aspect TSA TBSS 
Registration Tensor-based  Scalar-based (FA) 
Search direction  Perpendicular to the skeleton 
surface  
Direction of maximum change 
within a local 3x3x3 voxel 
neighbourhood.  
Choice of voxel to project Maximum FA tensor or mean 
tensor  
Maximum FA tensor 
Stopping criteria  Tract boundary Skeleton distance map 
Statistical resolution Point on surface  Voxel 






TSA offers potential advantages as an analysis tool. It is automated therefore reducing the time 
cost and inter-rater variability which affect manual-input methods. It characterises WM tracts as 
surfaces rather than aggregating tracts into a single core line thereby capturing the overall tract 
morphology. Theoretically TSA also offers improvements over TBSS by (i) employing a tensor-
based rather than scalar-based registration; (ii) defining tracts individually and so making it 
possible to distinguish between adjacent tracts; and (iii) having a data projection search stopping 
criteria intended to limit crossing over into neighbouring tracts. TSA has been successfully applied 
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to study pathologies such as paediatric chromosome 22q11.2 deletion syndrome (Yushkevich et 
al., 2008) and amyotrophic lateral sclerosis (Zhang et al., 2010a), and changes in DTI metrics 
over the lifespan (Chen et al., 2016), however has not been previously applied to study infant 
populations. Moreover, the performance of TSA has not been assessed extensively. 
 
The aim of this chapter is to evaluate the performance of TSA within the context of preterm infant 
data. We compare TSA with native space tractography as a gold standard, and with TBSS, a 
similar and widely-used method. Despite some known limitations, TBSS remains a widely-used 
tool. Our evaluation of TSA involves (i) an assessment of TSA’s ability to align WM tracts from 




4.2.1  Subjects 
Permission for this study was granted by Queen Charlotte’s and Hammersmith Hospitals 
Research Ethics Committee (07/H0704/99) and written parental consent was acquired prior to 
imaging. MR data were collected from 53 preterm subjects who were imaged between February 
and July 2013. All images were reviewed by an experienced perinatal neuroradiologist and cases 
with major focal lesions were excluded. Five data-sets were excluded; 2 unilateral haemorrhagic 
infarction, 1 cerebellar infarct, 1 cerebellar haemorrhage and 1 infant had temporal and cerebellar 
haemorrhages with cerebellar hypertrophy. 48 subjects (23 female) born at a median (range) 
gestational age (GA) of 30.6 (24.0-32.9) weeks and imaged at a median age of 41.9 (38.6-47.1 
weeks) weeks post-menstrual age (PMA) were analysed in this study. The perinatal 
characteristics of the study group are summarised in Table 4.2.  
 
4.2.2 Data acquisition 
MR imaging was performed on a 3-T MR system sited on the neonatal intensive care unit. T1- 
and T2-weighted MR imaging and single shot echo planar dMRI data were acquired using an 8-
channel phased array head coil. The pulse sequence parameters were as follows. 3D MPRAGE: 
repetition time (TR) = 17 ms, echo time (TE) = 4.6 ms, flip angle 𝟏𝟑∘, voxel size: 0.82 × 0.82 × 
0.8. mm T2 weighted fast-spin echo imaging: TR = 8670 ms, TE = 160 ms, flip angle 𝟗𝟎∘, slice 
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thickness 2 mm with 1 mm overlapping slices, in-plane resolution 1.14 × 1.14 mm. dMRI was 
acquired in the transverse plane in 32 non-collinear directions using the following parameters: TR 
= 8000 ms, TE = 49 ms, voxel size: 2mm isotropic, b-value: 750 s/mm2, SENSE factor of 2. 
 
All examinations were supervised by a paediatrician experienced in MR imaging procedures. 
Infants were sedated with oral chloral hydrate (25-50 mg/kg) prior to scanning and pulse oximetry, 
temperature, and electrocardiography data were monitored throughout. Ear protection was used, 
comprising earplugs moulded from a silicone-based putty (President Putty, Coltene Whaledent, 
Mahwah, NJ, USA) placed in the external auditory meatus and neonatal earmuffs (MiniMuffs, 
Natus Medical Inc., San Carlos, CA, USA).  
 
Table 4.2  Perinatal characteristics of the study group.   
Perinatal clinical characteristic  
Median (range) gestational age at birth  30.64 (24-32.86) weeks 
Median (range) postmenstrual age at scan  41.93 (38.57 – 47.14) weeks 
Median (range) day age at scan  84 (142 – 48) days 
Median (range) birthweight 1218 (655-1960) grams 
Median (range) days of ventilation 0 (0 – 40) days 
Small for gestational age* (number of infants) 13 
 
 
4.2.3 Diffusion weighted image processing 
Diffusion-weighted images were visually inspected in 3 orthogonal planes for the presence of 
motion artefact and corrupt diffusion weighted volumes were excluded before tensor fitting. 33 
subjects had no volumes excluded, eight subjects had one volume excluded, three subjects had 
two volumes excluded, three subjects had three volumes excluded and one subject had four 
volumes excluded. Non-brain tissue was removed using BET (Smith, 2002), images were 
corrected for eddy current artefacts using eddy (Andersson and Sotiropoulos, 2015) and the 
tensor model was fitted using dtifit from FSL (FMRIB, Oxford, http://fsl.fmrib.ox.ac.uk). Signal-to-
noise-ratio (SNR) was calculated for each subject from the raw DW data. A 5×5 voxel ROI was 
manually placed in the central corona radiata of the b=0 volume and SNR was calculated as the 
mean signal divided by the standard deviation. For each subject deterministic tractography based 
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on the FACT approach (Mori et al., 1999) (part of DTI-TK http://dti-tk.sf.net) was used to delineate 
WM tracts in native space. Each subject’s FA map was thresholded at 0.1 and whole brain 
tractography was seeded from each voxel with tracking parameters: maximum angle threshold of 
45 and minimum FA threshold of 0.1. ROIs used to delineate tracts in native space were drawn 
manually for each subject, according to the protocol outlined in Wakana et al. (2007) . Separate 
ROIs were drawn for TSA. Placement of the ROIs is described in Table 3. The tracts delineated 
were the bilateral corticospinal tract (CST), inferior fronto-occipital fasciculus (IFOF), inferior 
longitudinal fasciculus (ILF), superior longitudinal fasciculus (SLF), uncinate fasciculus (UNC) and 
genu and splenium of the corpus callosum (CC), to include commissural, projection and 
association tracts in our comparison.   
 
4.2.4 Evaluation of TSA  
To evaluate TSA, we assessed two key aspects of the pipeline that are comparable in both TSA 
and TBSS. To determine how well TSA is able to align subjects’ WM tracts we compared the 
standard TSA registration with an existing protocol that was optimised for neonatal spatial 
normalisation (Ball et al., 2010). To determine how accurately the TSA skeletons represent 
subjects’ WM tracts we compared the mean FA values in each tract and the distributions of FA 
values over the whole tract projected by TSA with those calculated from native space 













Tract First ROI Second ROI Exclusion ROI 
CC genu  The CC is identified in the 
mid-sagittal plane and only 
the genu is selected 
N/A Exclude fibres that 
project posteriorly 
along the fornix. 
CC 
splenium  
The CC is identified in the 
mid-sagittal plane and only 
the splenium is selected.  






The CC is identified in the 
mid-sagittal plane. 
N/A Exclude fibres 
passing through the 
cingulum and fornix.   
CST  CST is identified in the axial 
plane at the level of the of the 
decussation of the superior 
cerebellar peduncle. 
Projections to the cortex are 
identified in the axial plane 
at the level of the central 
semiovale.  
Exclude fibres 
crossing into the 
opposite hemisphere 
and into the 
cerebellum.  
IFOF  The occipital lobe is selected 
in the coronal plane identified 
halfway between the 
posterior edge of the 
cingulum and the posterior of 
the brain.  
The entire hemisphere in the 
coronal plane at the level of 
the genu of the CC identified 
in the mid-sagittal slice.  
Exclude fibres 
crossing medially 
through the anterior 
commissure.   
ILF The entire hemisphere is 
selected in the coronal plane 
at the posterior edge of the 
cingulum identified at the 
mid-sagittal slice.  
The entire temporal lobe 
identified in the coronal 
plane at the level where the 
frontal and temporal lobe 
are no longer connected. 
Exclude fibres that 
track medially into the 
fornix and CC.  
SLF The SLF is identified in the 
coronal plane at the lowest 
axial level in which the fornix 
can be identified as a single 
structure.  
Projections that pass 
through the coronal plane at 
the level of the splenium of 
the CC identified in the mid-
sagittal slice.  
Exclude fibers that 
project into the 
external capsule.  
UNC The entire temporal lobe 
identified in the coronal plane 
at the level where the frontal 
and temporal lobe are no 
longer connected. 
All the projections into the 
frontal lobe.  
Exclude fibres which 
project into the 
anterior limb of the 




4.2.4.1 Registration comparison 
WM tracts delineated in native space were warped using the transformations from TSA’s tensor-
based registration, DTI-TK, and the scalar-based registration from an optimised neonatal protocol 
to their respective template spaces. The scalar-based registration is an adaptation of the FNIRT 
(FMRIB, Oxford, http://fsl.fmrib.ox.ac.uk) registration used in TBSS (Ball et al., 2010). Each 
subject’s tracts were converted into binary ROIs which were compared using Dice scores. For 
each of the two registration methods, a Dice score was calculated pairwise between each subject 
and all other subjects, measuring the degree of overlap between two subjects’ WM tracts at the 
voxel level. The median Dice score was calculated per tract for each subject. The Wilcoxon signed 
rank test was used to compare the differences between the Dice scores from the two registrations.  
 
4.2.4.2 Data Projection 
To determine how accurately TSA projects each subject’s diffusion data, we compared projected 
FA values, in template space following registration, with those calculated from the subjects’ native 
space tractography. We also compared TSA’s data projection step with the data projection step 
carried out in TBSS, to determine how TSA performs with respect to a similar and widely used 
method. While previous studies have investigated the accuracy of data projection step in TBSS 
in terms of alleviating misregistrations (Zalesky, 2011) and voxel misassignment following 
projection (Bach et al., 2014), none have investigated how template space data projected onto 
the skeleton representation of WM deviates from native space data for either method. For each 
subject, we calculated the mean of the FA values as well as the distribution of FA values over a 
tract derived from native space tractography, and projected by TSA and TBSS. This was done for 
the left and right CST, IFOF, ILF, UNC and genu and splenium of the CC. We take the FA values 
calculated from each subjects’ native space tractography as our ground truth. For each subject, 
and across all eight tracts, we calculated the Bhattacharyya distances between the distribution of 
values over the tract derived from native space tractography and TSA, and between native space 
tractography and TBSS. The Wilcoxon signed rank test was used to compare the difference in 
the resulting paired Bhattacharyya distances. The tract-averaged FA values provide a summary 
of the differences between the methods, whereas the Bhattacharyya distance calculation 
assesses the difference between TSA and TBSS’s deviation from the native space data over the 




Some of the differences in projected values will be due to differences in registration since TBSS 
uses a different registration to TSA. As we are only interested in the data projection step, TSA’s 
registration was incorporated into the TBSS pipeline. TBSS was also adapted to make the TBSS 
skeleton “tract specific” to allow a comparison with TSA and native space tractography. The tracts 
from the deterministic tractography identified in the TSA template were warped to the TBSS mean 
FA template. A binary segmentation of each tract was then overlapped with the TBSS skeleton. 
The voxels in the TBSS skeleton that overlap with the binary segmentation of a particular tract 
were assigned to that tract. This produced a mean FA value and distribution of FA values for the 
different tracts for each subject.  
 
 
Figure 4.1 The tract skeletons from TBSS. The left two columns show the tract skeletons evaluated and 













4.3 Results  
The results from the segmentation for the TBSS skeleton is shown in Figure 4.1, and the results 
from the TSA skeleton model fitting are shown in Figure 4.2.  
 
4.3.1 Registration comparison 
Figure 4.3 shows the median Dice scores following tensor-based and scalar-based registration 
for the eight tracts, representing the degree of alignment between subjects. For each tract, the 
Dice scores for the tensor-based registration were higher (p < 0.001, summarised in Table 4.4) 
than those for the scalar-based registration, demonstrating that TSA’s tensor-based registration 
provides better alignment consistently over all tracts. However, it should be noted that for the 
subjects with the very lowest Dice scores the two registration techniques have very similar scores. 
Although native space tractography produced anatomically plausible results for these subjects 
and in these tracts, they contained fewer voxels resulting in a lower degree of overlap with other 
subjects’ tracts. Indeed, there was notable variability across subjects within the native space tracts 
in terms of both FA values and number of voxels (Figure 4.4), however SNR was variable across 
subjects with mean SNR=22.2 (range=11.3 – 48.6).  
 
Table 4.4 p-values from the Wilcoxon signed rank test comparing Dice scores from the tensor-based and 
scalar-based registration. 
Tract p-value  
CC genu  1.63 × 10-9 
CC splenium  1.63 × 10-9 
L CST 1.63 × 10-9 
R CST  1.74 × 10-9 
L IFOF  1.85 × 10-9 
R IFOF 1.63 × 10-9 
L ILF 1.63 × 10-9 
R ILF 2.10 × 10-9 
L SLF 1.74 × 10-9 
R SLF 1.63 × 10-9 
L UNC 1.63 × 10-9 










Figure 4.4 The variability across subjects’ native space tractography for the left and right CST, IFOF, ILF 




4.3.2 Data Projection 
The means and distributions of FA values from different WM tracts are shown in Figure 4.5 and 
Figure 4.6, respectively. Figure 4.5 shows the mean values per subject for each tract as derived 
from native space tractography and TSA. Overall TSA projects FA values similar to those obtained 
from the native space tractography, however these were still significantly different from native 
space-derived FA values in all but three tracts – left CST, right IFOF and right SLF (Table 4.5). 
TBSS projects FA values significantly higher than those produced by both native space 
tractography and TSA.  
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Table 4.5 . p-values from the Wilcoxon signed rank test comparing mean FA values between native space 
and TBSS, native space and TSA, and TSA and TBSS.   
Tract Native space vs 
TBSS  
(p-value)  
Native space vs 
TSA  
(p-value) 
TSA vs TBSS  
(p-value) 
CC genu 1.63 × 10-9 9.84 × 10-9 1.63 × 10-9 
CC splenium 1.63 × 10-9 0.0058 1.63 × 10-9 
L CST 1.63 × 10-9 0.87 1.63 × 10-9 
R CST  1.63 × 10-9 2.41 × 10-4 1.63 × 10-9 
L IFOF  1.63 × 10-9 1.69 × 10-8 1.63 × 10-9 
R IFOF 1.63 × 10-9 0.74 1.63 × 10-9 
L ILF 1.63 × 10-9 1.63 × 10-9 1.63 × 10-9 
R ILF 1.63 × 10-9 3.22 × 10-6 1.63 × 10-9 
L SLF 1.63 × 10-9 2.23 × 10-9 1.63 × 10-9 
R SLF  1.63 × 10-9 0.18 1.63 × 10-9 
L UNC 1.63 × 10-9 1.90 × 10-8 1.63 × 10-9 
R UNC 1.63 × 10-9 5.69 × 10-9 1.63 × 10-9 
 
 
Figure 4.6 shows the normalised histograms for each subject from the native space tractography, 
TSA and TBSS across eight tracts. Overall the distributions of FA values across the tracts derived 
from TSA are in close agreement with those obtained from native space. Although the TSA and 
native space tractography distributions are similar, there are some differences, most noticeably 
for the left IFOF and ILF where TSA overestimates FA values. The Bhattacharyya distances 
between native space tractography and TSA, and native space tractography and TBSS are shown 
for each subject in Figure 4.7 and summarised in Table 4.6. The Bhattacharyya distances 
between native space tractography and TBSS were significantly greater (p < 0.001), than that 





Figure 4.5 The mean FA values for each subject across eight tracts as estimated by native space 




Figure 4.6 The distribution of FA values for all subjects across eight tracts as estimated by native space 
tractography (green), TSA (blue) and TBSS (red). Normalised histograms for each subject (semi-
transparent green, blue and red) were averaged and smoothed to represent the general trend (green, 
blue and red lines). 
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4.4  Discussion  
We have evaluated the performance of TSA in analysing preterm infant dMRI data in comparison 
to TBSS, with native space tractography as our gold standard. The registration comparison shows 
that TSA’s tensor-based registration improves WM tract alignment over TBSS’s scalar-based 
registration. The results from the data projection step show that TSA can approximate native 
space tractography FA values more closely than TBSS.  
 
4.4.1 Registration comparison 
The improvements in alignment seen with TSA’s registration are likely to be due to both leveraging 
the full tensor information and how the template is constructed.  Scalar-based registration 
algorithms discard orientation information, making it difficult to distinguish neighbouring tracts with 
similar FA values but different orientations, and utilising orientation information during registration 
significantly improves alignment (Van Hecke et al., 2007). Tensor-based algorithms use the full 
tensor features resulting in better alignment of the dominant diffusion orientation (Zhang et al., 
2007) which may help distinguish neighbouring tracts (Bach et al., 2014). The tensor-based 
algorithm from TSA has previously been shown to improve registration in adults (Keihaninejad et 
al., 2013). However infant population registrations require further consideration because the lower 
contrast and resolution in neonatal scans can be problematic for registration (Ball et al., 2010). 
Wang et al. (2011) showed that the registration used in TSA outperformed other registration 
algorithms, including FNIRT, in neonates with Krabbe disease. Their analysis included 10 
subjects, was limited to 4 WM regions and did not test the same FNIRT protocol as that used in 
this study. Here we build on these results in a larger study group and across a wider range of WM 
fasciculi using a more appropriate metric of assessment.   
 
The registration methods explored here both use a template that is averaged from the study 
cohort, which improves image alignment accuracy (Van Hecke et al., 2011). The scalar-based 
registration evaluated here was improved for neonatal populations by introducing an extra linear 
registration step and registering all the subjects to the mean FA map created after first registering 
to the most representative subject. This improved alignment over standard TBSS registration, 
which previously failed for some subjects (Bassi et al., 2008). TSA’s algorithm uses an iteratively 
refined template averaged from all subjects’ tensor images. Keihaninejad et al. (2012) showed 
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that alignment was improved when registering to an iteratively refined template over registering 
to the mean FA.  
 
Table 4.6 Summary of the Bhattacharyya distances. 
Tract  TSA TBSS p-value  






1.63 × 10-9 
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Our analysis presents a novel approach to assessing registration accuracy in the neonatal 
population. Previous studies have focused on using image similarity measures and tissue label 
overlap scores to assess registration performance. However it has been shown that these are not 
reliable criteria for establishing registration accuracy and that only local labeled ROIs are able to 
appropriately distinguish registration performance (Rohlfing, 2012).   
 
We report similar Dice score results to those seen in previous registration comparison studies. 
Klein et al. (2009) reported similar values in overlap measures in an evaluation of 14 different 
registration methods with adult subjects. They obtained slightly higher measure of overlap only 
when looking at larger regions which cover a greater extent of the brain. It should be noted that 
by looking at smaller local ROIs even small disagreements in overlap can lower the Dice score. 
Moreover, we are looking at a relatively large age range which may explain the high variability 
observed in native space tracts.  
 
4.4.2 Data Projection 
We present the first analysis of the concordance between template space data projected onto 
WM skeletons derived from TSA and TBSS and native space data. The closer agreement 
between FA values derived from native space tractography and FA values projected by TSA 
demonstrates that the TSA skeleton model is able to represent more accurately individual 
subjects’ tracts than TBSS. The discrepancy between TSA-projected, TBSS-projected and native 
space-derived FA values is most likely due to (i) dimensionality reduction in TBSS and TSA from 
volumetric tracts to voxel-wise skeleton and surface skeleton, respectively; (ii) the projection of 
the maximum FA value; and (iii) misregistrations between the template and subject. The closer 
agreement between the values projected by TSA and native space tractography than those 
projected by TBSS may be due to better-defined stopping criteria for the data projection search 
in TSA. The search for the maximum FA value in TBSS can cross over into neighbouring tracts 
(Bach et al., 2014) and the different maturation rates for different tracts during early development 
(Nossin-Manor et al., 2015) may compound this. Moreover, the data projection in TBSS aligns 










4.4.3 Advantages and limitations of TSA 
TSA has several advantages as an analysis tool. It is automated; its surface representations of 
tracts approximate closely native space diffusion data and TSA offers improved alignment 
between WM tracts.  
 
A major benefit of TSA is that it is anatomically specific, like other tracts-of-interest methods. 
Tract-of-interest approaches using tractography have been previously used to study 
development, averaging DTI values over the whole tract (Berman et al., 2005; Braga et al., 2015; 
Miller et al., 2002). The axonal configuration of a tract may vary along its length resulting in 
different diffusion properties at different locations. WM development follows an asynchronous 
spatiotemporal pattern (Oishi et al., 2011) and differences in FA between subjects born preterm 
and controls and have been shown to be non-uniform along WM tracts (Groeschel et al., 2014; 
Travis et al., 2015; Yeatman et al., 2012). In this respect, TSA offers the benefits of anatomically 
specific analysis with the ability to highlight regions of statistical significance at locations along a 
tract, and is less likely to obscure localised differences. The downside to using TSA is that the 
investigator must assume a priori where they expect to observe a change of interest. When no 
such information is available exploratory, whole-brain analyses like TBSS may be more 
appropriate.  
 
A possible application of TSA could be to study subjects where tractography is unsuccessful due 
to brain injury. As the tract skeletons are defined in the template it would be possible to project 
such subjects’ diffusion data onto the skeleton, as long as the registration was successful.  
 
A limitation of TSA, as assessed here, is the geometry it is able to describe. The choice made 
here, the FACT algorithm for tractography, is motivated by its suitability to the diffusion data at 
hand (32 gradient directions and a b-value of 750 s/mm2).  
 
We have also omitted tracts that have a tubular structure, such as the fornix and cingulum. This 
is because TSA is ill-suited to such structures. The tract skeleton is determined by thinning the 
tract-boundary down to a medial surface. This strategy is poorly defined when there are multiple 
directions in which it is possible to thin, as would be the case for cylindrical structures. For such 
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tracts, it would be more appropriate to use methods such as those developed by (Corouge et al., 
2006; O'Donnell et al., 2009; Yeatman et al., 2012).  
 
A limitation of the analysis presented here is the definition of seed masks for native space 
tractography. Seed masks were defined by thresholding each subject’s FA image at 0.1. While 
this covered a reasonable portion of the central WM and excluded the cortex, seed and 
propagation masks derived from tissue segmentations of anatomical scans have been 
demonstrated to improve the biological accuracy of tractograms (Guevara et al., 2011; Smith et 
al., 2012). However, for the FACT tracking algorithm, the differences in streamline density and 
termination points when using a seeding mask derived the diffusion-weighted images and a T1-
derived WM mask were minor (Smith et al., 2012), therefore unlikely to affect the overall 
conclusions of this study.  
 
As part of our evaluation of TSA we have analysed only DTI-derived measures, however the 
framework allows data from other diffusion models, such as NODDI (Zhang et al., 2012) or g-ratio 





The performance of TSA was evaluated against native space tractography, which serves as the 
gold standard, using TBSS as a benchmark, for the preterm population. This work demonstrates 
that TSA is a suitable method for infant studies using dMRI when particular tracts are to be 
targeted. The framework allows numerous WM tracts to be analysed and, by design, can easily 





Chapter 5 White matter diffusion properties at term equivalent 
age are associated with subsequent neurodevelopmental 
performance at 20 months  
 
 
This chapter explores the relationship between DTI measures in white matter fasciculi at term 
equivalent age using TSA in a large cohort of preterm infants. Preterm birth is associated with a 
high prevalence of neurodevelopmental impairment, related to white matter microstructure in the 
perinatal period. This analysis demonstrates a correlation between DTI measures and motor and 
cognitive performance across commissural, projection and association fibres, whereas the 
relationship between DTI measures and language performance is limited. Furthermore, TSA 





5.1 Introduction  
Between 38-58% of children born extremely preterm have impaired neurodevelopmental outcome 
(Moore et al., 2012; Serenius et al., 2016), resulting in substantial personal and societal costs. 
Preterm born individuals experience wide-ranging difficulties including cognitive, behavioural 
(Bayless and Stevenson, 2007; Bhutta et al., 2002; Delobel-Ayoub et al., 2009; Joseph et al., 
2016; Marlow et al., 2005b), motor (Marlow et al., 2007; Williams et al., 2010; Wood et al., 2005), 
and language impairments (Allin et al., 2008; Guarini et al., 2009; Wolke and Meyer, 1999; Wolke 
et al., 2008). The neuropathological substrates underlying these impairments remain unclear.  
Therefore, it is important to identify quantitative measures related to the risk and degree of 
developmental impairment, and to recognise those infants who may benefit from early 
interventional therapies. DTI has proven to be an effective tool for detecting WM changes at term-
equivalent age (TEA) associated with neurodevelopmental outcome in early childhood (Ball et al., 
2015), and has potential as a biomarker for determining efficacy of potential therapies (Milgrom 




The majority of studies investigating the relationship between WM microstructure and outcome 
have been either ROI-based, tractography-based, or TBSS studies. While tractography and ROI-
based studies demonstrate anatomically specific relationships between WM properties and 
neurodevelopmental performance, they have been limited either in the number of tracts or ROIs 
investigated  (Bassi et al., 2008; De Bruine et al., 2013; Krishnan et al., 2007; Rose et al., 2009; 
Rose et al., 2007; Roze et al., 2012; Thompson et al., 2012; van Kooij et al., 2011) or have 
assessed a limited number of subjects (Drobyshevsky et al., 2007). TBSS studies (Counsell et 
al., 2008; Duerden et al., 2015; Tusor et al., 2012; van Kooij et al., 2012b) are able to assess a 
large study group and explore whole-brain WM. TBSS, however, has some limitations which have 
been discussed previously in Chapter 4. A recent study (Young et al., 2016) combined TBSS with 
the JHU-neonate-SS atlas (Oishi et al., 2011) to achieve an anatomically specific skeleton, 
however this study reported outcome in only 19 subjects.  
 
The aim of this chapter is to assess the relationship between DTI measures in multiple WM 
fasciculi at term-equivalent age and motor, cognitive and language performance at 20 months in 
a large cohort of preterm infants using TSA. Based on previous investigations (Counsell et al., 
2008) it is expected that increasing FA and decreasing diffusivities will be associated with 
improved neurodevelopmental performance.  
 
5.2  Methods  
5.2.1 Subjects  
Permission for this study was granted by Queen Charlotte’s and Hammersmith Hospitals 
Research Ethics Committee (07/H0704/99) as part of the E-Prime study of preterm brain 
development. Written parental consent was acquired prior to imaging. We studied 407 infants 
(206 male) born between 23.6-32.9 (median 30.3) weeks gestational age (GA) and imaged 
between 37.9-45.9 (median 42.6) weeks postmenstrual age (PMA). The characteristics of the 
study group are summarised in Table 5.1. T1- and T2-weighted MR images were assessed for 
the presence of focal brain injury. Motor, cognitive and language performances were assessed 
using composite scores from the Bayley Scales for Infant and Toddler Development, 3rd edition, 
(BSID-III) at 20 months of age.  
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Table 5.1 Characteristics of the study group.  
Characteristic  
Median (range) gestational age at birth (weeks) 30.3 (23.6-32.9) 
Median (range) postmenstrual age at scan (weeks)  42.6 (37.9-45.9) 
Median (range) PMA at BSITD-III assessment corrected 
for prematurity (months) 
20 (18-29) 
Median (range) birth weight (grams) 1295 (552-2600) 
Median (range) days of ventilation (days)  0 (0-40) 
Bronchopulmonary dysplasia (no., %) 85 (20.8) 
Median (range) days of total parenteral nutrition (days) 6 (0-89) 
NEC requiring surgery (no, %) 5 (1.2) 
Chorioamnionitis (no., %) 21 (5.2) 
PDA requiring medical or surgical treatment (no., %) 20 (4.9) 
Median (range) index of multiple deprivation  17.7 (1.7-60.6) 
 
5.2.2 MR imaging   
MR imaging was performed on a 3T MR system sited on the neonatal intensive care unit. T1- and 
T2-weighted MR imaging and single shot echo planar dMRI data were acquired under the 
supervision of a paediatrician experienced in MR imaging procedures as described in Chapter 4.  
 
5.2.3 Image processing  
Diffusion-weighted images were visually inspected for the presence of motion artefacts and 
corrupt diffusion weighted volumes were excluded before tensor fitting. 284 subjects had no 
volumes excluded, 56 subjects had one volume excluded, 30 subjects had two volumes excluded, 
12 subjects had three volumes excluded, 7 subjects had four volumes excluded, 9 subjects had 
five volumes excluded, 1 subject had six volumes excluded, 3 subjects had 7 volumes excluded, 
3 subjects had 8 volumes excluded, and 1 subjects had 9 volumes excluded. Non-brain tissue 
was removed using BET (Smith, 2002), images were corrected for eddy current artefacts using 







Figure 5.1 Histograms of composite motor, cognitive and language scores from the BSITD-III assessment. 
 
Table 5.2 Focal brain injury observed on T1- and T2-weighted MR imaging. 
Lesions (n=35) No. (%) 
Periventricular leukomalacia  9 (2.2) 
Haemorrhagic parenchymal infarction  10 (2.5) 
Cerebellar haemorrhages 4 (1.0) 
Other cystic lesions* 7 (1.7) 
Other haemorrhagic lesions** 4 (1.0) 
Residual GMH 1 (0.3) 
*Other cystic lesions: left temporal lobe cyst; right anterior periventricular white matter cyst; long cyst 
adjacent to left ventricle; left posterior periventricular white matter cyst (n=2); right posterior periventricular 
WM; left caudo-thalamic cyst.  
**Other haemorrhagic lesions: haemorrhage in left corona radiate; haemorrhage in occipital cortex; 
haemorrhages in occipital horn and cerebellum; haemorrhage in right posterior periventricular white matter. 
 
 
5.2.4 Tract-specific analysis  
A study-specific template was created by registering all subjects without focal lesions together to 
create an iteratively-refined average tensor image (n = 372) (Zhang et al., 2006). The subjects 
with focal lesions (n=35) were registered to this template. The TSA medial representation model 
was used to create tract-wise WM skeletons in the template for the bilateral corticospinal tract 
(CST), inferior fronto-occipital fasciculus (IFOF), inferior longitudinal fasciculus (ILF), superior 
longitudinal fasciculus (SLF), uncinate fasciculus (UNC) and corpus callosum (CC), as described 
in Chapter 4. Each subject’s registered DTI data were projected onto the WM skeletons. Linear 
regression analysis carried out on the tract skeletons to assess the relationship between the 
BSITD-III composite scores for motor, cognitive and language performance at 20 months and FA, 
AD, RD, MD with GA, PMA, sex and socioeconomic status as covariates. Socioeconomic status 
(SES) was defined by the index of multiple deprivation. The correlation between prematurity at 
birth and DTI metrics was also analysed, with PMA and sex as covariates, and the correlation 
between PMA at scan and DTI measures, with GA and sex as covariates. Multiple comparisons 
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correction was carried out using non-parametric permutation-based suprathreshold cluster 
analysis (Nichols and Holmes, 2002) with family-wise error rate (FWER) correction. 
 
5.3 Results 
The results for the BSID-III scores are shown in Figure 5.1. Details of focal brain injury observed 
on T1- and T2-weighted MR imaging are summarised in Table 5.2. The median (range) composite 
motor, cognitive and language scores were 97 (46-121), 95 (55-130) and 91 (47-135) 
respectively.  
 
5.3.1 Relationship between dMRI measures and motor performance 
There was a significant positive correlation between FA and motor performance in the CST, IFOF, 
ILF and SLF bilaterally and the body and splenium of the CC, and forceps major shown in Figure 
5.2 and Figure 5.3. There was a significant negative correlation between RD, MD and motor 
performance in the CST, IFOF, ILF bilaterally, the right SLF, and the body and splenium of the 
CC, shown in Figure 5.4 Figure 5.7. There was a significant negative correlation between AD and 
motor performance in the body of the CC, right IFOF and the CST bilaterally at the level of the 
SLF, shown in Figure 5.8 and Figure 5.9, however this was not extensive. There was also a 
significant positive correlation between AD and motor performance in the poster limb of the 
internal capsule (PLIC) bilaterally, shown in Figure 5.10 and Figure 5.11. This was the only 




Figure 5.2 The results of the cluster analysis correlating motor scores with FA at each point within the CC, 
CST, IFOF, ILF, SLF and UNC. Statistically significant regions of positive correlation are shown in red 




Figure 5.3 Partial regression plots showing the linear relationship between motor scores and FA from the 
regions showing significant correlation for the CC, CST, IFOF, ILF and SLF. Key: FA | X = residuals of FA 





Figure 5.4 The results of the cluster analysis correlating motor scores with MD at each point within the CC, 
CST, IFOF, ILF, SLF and UNC. Statistically significant regions of negative correlation are shown in red 






Figure 5.5 Partial regression plots showing the linear relationship between motor scores and MD from the 
regions showing significant correlation for the CC, CST, IFOF, ILF and right SLF. Key: MD | X = residuals of 





Figure 5.6 The results of the cluster analysis correlating motor scores with RD at each point within the CC, 
CST, IFOF, ILF, SLF and UNC. Statistically significant regions of negative correlation are shown in red 






Figure 5.7 Partial regression plots showing the linear relationship between motor scores and RD from the 
regions showing significant correlation for the CC, CST, IFOF, ILF and right SLF. Key: RD | X = residuals of 





Figure 5.8 The results of the cluster analysis correlating motor scores with AD at each point within the CC, 
CST, IFOF, ILF, SLF and UNC. Statistically significant regions of negative correlation are shown in red 
(p≤0.01), orange (0.01<p≤0.02), yellow (0.02<p≤0.03), green (0.03<p≤0.04) and light blue (0.04<p≤0.05). 
 
 
Figure 5.9 Partial regression plots showing the linear relationship between motor scores and AD from the 
regions showing significant negative correlation for the CC, CST and right IFOF. Key: AD | X = residuals of 





Figure 5.10 The results of the cluster analysis correlating motor scores with AD at each point within the CST. 
Statistically significant regions of positive correlation are shown in red (p≤0.01), orange (0.01<p≤0.02), 
yellow (0.02<p≤0.03), green (0.03<p≤0.04) and light blue (0.04<p≤0.05). 
 
 
Figure 5.11 Partial regression plots showing the linear relationship between motor scores and AD from the 
regions showing significant positive correlation for the CST. Key: AD | X = residuals of AD given the model; 






5.3.2 Relationship between dMRI measures and cognitive performance 
There was a significant positive correlation between FA and cognitive performance in the CST, 
IFOF, ILF, SLF bilaterally and in the splenium of the CC, shown in Figure 5.12 and Figure 5.13. 
A significant negative correlation between MD and cognitive scores was found in the PLIC and in 
CST bilaterally at the level of the SLF, and small regions in the IFOF bilaterally, the right SLF and 
the right ILF, shown in Figure 5.14 and Figure 5.15. There was a negative correlation between 
RD and cognitive performance in the CST, IFOF, ILF bilaterally and in the body of the CC, shown 
in Figure 5.16 and Figure 5.17. AD was negatively correlated with cognitive scores only in the 
CST bilaterally at the level of the SLF and a small region of the body of the CC, shown in Figure 
5.18 and Figure 5.19.  
 
 
Figure 5.12 The results of the cluster analysis correlating cognitive scores with FA at each point within the 
CC, CST, IFOF, ILF, SLF and UNC. Statistically significant regions of positive correlation are shown in red 





Figure 5.13 Partial regression plots showing the linear relationship between cognitive scores and FA from 
the regions showing significant correlation for the CC, CST, IFOF, ILF and SLF. Key: FA | X = residuals of 






Figure 5.14 The results of the cluster analysis correlating cognitive scores with MD at each point within the 
CC, CST, IFOF, ILF, SLF and UNC. Statistically significant regions of negative correlation are shown in red 





Figure 5.15 Partial regression plots showing the linear relationship between cognitive scores and MD from 
the regions showing significant correlation for the CC, CST, IFOF, right ILF and right SLF. Key: MD | 





Figure 5.16 The results of the cluster analysis correlating cognitive scores with RD at each point within 
the CC, CST, IFOF, ILF, SLF and UNC. Statistically significant regions of negative correlation are shown 







Figure 5.17 Partial regression plots showing the linear relationship between cognitive scores and RD from 
the regions showing significant correlation for the CC, CST, IFOF and ILF. Key: RD | X = residuals of RD 






Figure 5.18 The results of the cluster analysis correlating cognitive scores with AD at each point within 
the CC and CST. Statistically significant regions of negative correlation are shown in red (p≤0.01), orange 





Figure 5.19 Partial regression plots showing the linear relationship between cognitive scores and AD from 
the regions showing significant correlation for the CC and CST. Key: AD | X = residuals of AD given the 







5.3.3 Relationship between dMRI measures and language performance 
Significant correlations between DTI measures and language scores were limited. There was a 
significant positive correlation between FA and language scores in small regions in the left IFOF 
and the ILF bilaterally, shown in Figure 5.20 and Figure 5.21, a negative correlation with MD in 
the left CST and right ILF and negative correlation between RD in left CST, shown in Figure 5.22 
and Figure 5.24. AD was not significantly associated with language performance in any region.  
 
 
Figure 5.20 The results of the cluster analysis correlating language scores with FA at each point within 
the IFOF and ILF. Statistically significant regions of postive correlation are shown in red (p≤0.01), orange 





Figure 5.21 Partial regression plots showing the linear relationship between language scores and FA from 
the regions showing significant correlation for the ILF and left IFOF. Key: FA | X = residuals of FA given 





           
Figure 5.22 The results of the cluster analysis correlating language scores with MD at each point within 
the left CST. Statistically significant regions of negative correlation are shown in red (p≤0.01), orange 
(0.01<p≤0.02), yellow (0.02<p≤0.03), green (0.03<p≤0.04) and light blue (0.04<p≤0.05) and partial 
regression plot showing from the regions showing significant correlation. Key: MD | X = residuals of MD 




Figure 5.23 The results of the cluster analysis correlating language scores with RD at each point within 
the left CST and right ILF. Statistically significant regions of negative correlation are shown in red (p≤0.01), 




Figure 5.24 Partial regression plots showing the linear relationship between language scores and RD 
from the regions showing significant correlation for the left CST and right ILF. Key: RD | X = residuals of 





5.3.4 Relationship between dMRI measures and gestational age at birth 
Gestational age at birth was correlated positively with FA in the IFOF, ILF, SLF bilaterally and the 
body of the CC, shown in Figure 5.25 and Figure 5.26. There was a similar pattern of negative 
correlation between RD and MD and GA at birth in the IFOF and ILF bilaterally, the right SLF and 
the body of the CC, and only very small regions of the CST, shown in Figure 5.27 toFigure 5.30. 
Negative correlation between AD and GA was found only in the IFOF and ILF bilaterally, shown 
in Figure 5.31 and Figure 5.32.  
 
 
Figure 5.25 The results of the cluster analysis correlating GA at birth with FA at each point within the CC, 
CST, IFOF, ILF, SLF and UNC. Statistically significant regions of positive correlation are shown in red 






Figure 5.26 Partial regression plots showing the linear relationship between GA at birth and FA from the 
regions showing significant correlation for the CC, IFOF, ILF and SLF.  Key: FA | X = residuals of FA 






Figure 5.27 The results of the cluster analysis correlating GA at birth with MD at each point within the CC, 
CST, IFOF, ILF, SLF and UNC. Statistically significant regions of negative correlation are shown in red 





Figure 5.28 Partial regression plots showing the linear relationship between GA at birth and MD from the 
regions showing significant correlation for the CC, CST, IFOF and ILF.  Key: MD | X = residuals of MD 







Figure 5.29 The results of the cluster analysis correlating GA at birth with RD at each point within the CC, 
CST, IFOF, ILF, SLF and UNC. Statistically significant regions of negative correlation are shown in red 







Figure 5.30 Partial regression plots showing the linear relationship between GA at birth and RD from the 
regions showing significant correlation for the CC, CST, IFOF and ILF.  Key: RD | X = residuals of RD 






Figure 5.31 The results of the cluster analysis correlating GA at birth with AD at each point within the CC, 
CST, IFOF, ILF, SLF and UNC. Statistically significant regions of negative correlation are shown in red 
(p≤0.01), orange (0.01<p≤0.02), yellow (0.02<p≤0.03), green (0.03<p≤0.04) and light blue (0.04<p≤0.05). 
 
 
Figure 5.32 Partial regression plots showing the linear relationship between GA at birth and AD from the 
regions showing significant correlation for the CC, IFOF, ILF and SLF.  Key: AD | X = residuals of AD 




5.3.5 Relationship between dMRI measures and PMA at scan 
PMA at scan was significantly correlated with all DTI measures in all tracts. There was a positive 
correlation between FA and PMA, and negative correlation between PMA and MD, RD and AD, 
shown in Figure 5.33Figure 5.40. The correlation was widespread across all measures but to a 
lesser extent in AD than FA, MD and RD.  
 




Figure 5.33 The results of the cluster analysis correlating PMA at scan with FA at each point within the 
CC, CST, IFOF, ILF, SLF and UNC. Statistically significant regions of positive correlation are shown in 








Figure 5.34 Partial regression plots showing the linear relationship between PMA at scan and FA from 
the regions showing significant correlation for the CC, CST, IFOF, ILF, SLF and UNC.  Key: FA | 




Figure 5.35 The results of the cluster analysis correlating PMA at scan with MD at each point within the 
CC, CST, IFOF, ILF, SLF and UNC. Statistically significant regions of negative correlation are shown in 









Figure 5.36 Partial regression plots showing the linear relationship between PMA at scan and MD from 
the regions showing significant correlation for the CC, CST, IFOF, ILF, SLF and UNC.  Key: RD | 




Figure 5.37 The results of the cluster analysis correlating PMA at scan with RD at each point within the 
CC, CST, IFOF, ILF, SLF and UNC. Statistically significant regions of negative correlation are shown in 







Figure 5.38 Partial regression plots showing the linear relationship between PMA at scan and RD from 
the regions showing significant correlation for the CC, CST, IFOF, ILF, SLF and UNC.  Key: RD | 




Figure 5.39 The results of the cluster analysis correlating PMA at scan with AD at each point within the 
CC, CST, IFOF, ILF, SLF and UNC. Statistically significant regions of negative correlation are shown in 








Figure 5.40 Partial regression plots showing the linear relationship between PMA at scan and AD from 
the regions showing significant correlation for the CC, CST, IFOF, ILF, SLF and UNC.  Key: AD | 
X = residuals of AD given the model; PMA | X = residuals of PMA given the model.  
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Table 5.3 Summary of results from tract-specific analysis. All significant results are bilateral, unless the 






















































































































5.4 Discussion  
This study demonstrates a significant correlation between WM microstructural measures at term 
equivalent age and neurodevelopmental performance in early childhood. Overall, increasing 
motor and cognitive scores at 20 months are related to increased FA and decreased diffusivities 
at TEA. The results show that this relationship is tract-specific, most prominent in the CC, CST 
and posterior ILF and IFOF, and localised to particular regions within tracts. The most extensive 
correlation with developmental performance is seen with FA and RD, while AD showed only 
limited correlations with performance. On the other hand, the relationship between language 
performance and DTI measures was not as pronounced, limited to small regions within the CST, 
ILF and IFOF. Gestational age at birth was correlated with DTI measures in the central and 
posterior WM, while PMA at scan was correlated with all four DTI measures across all tracts.  
 
This study demonstrates that the microstructural properties of both projection, commissural and 
association fibres are associated with motor and cognitive performance. Previous studies have 
shown that reduced FA in the CC and CST, specifically the PLIC, are associated with lower motor 
scores (De Bruine et al., 2013; Rose et al., 2007) while van Kooij et al. (2012b) showed that DTI 
measures in association tracts were also correlated with motor performance, similar to the 
findings here. This analysis provides evidence that cognitive performance is associated with DTI 
measures in the CC and CST in preterm infants at TEA as reported by (Duerden et al., 2015), 
and that the relationship between association fibres and cognition observed in later life are 
present at TEA (Allin et al., 2011; Kelly et al., 2016; Skranes et al., 2007; Vollmer et al., 2017). 
The regions where DTI measures correlated with cognitive and motor scores were similar, 
particularly in the CC, CST, IFOF and ILF. This suggests that either alterations in WM 
microstructure occur coincidently in multiple tracts that independently modulate motor and 
cognitive functions, or that development of these two functional domains is related, as has been 
proposed in term-born children (Davis et al., 2010; Pangelinan et al., 2011).  
 
Correlations between language performance and DTI measures were very limited. These results 
are similar to Duerden et al. (2015) who found no relationship between DTI and language, but did 
find a relationship between DTI and motor and cognitive performances. These findings differ to 
those reported in school-aged children, where language and reading ability was shown to have 
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widespread relationship with FA in major association fibres (Feldman et al., 2012). Language 
development is heavily influenced by environmental factors and at the age range studied 
language abilities can vary. Nonetheless, Salvan et al. (2017) demonstrated that FA values in the 
arcuate fasciculus, but not in the CST or SLF, at TEA are related to language ability at 2 years. 
Salvan et al. (2017) used high b-value, HARDI data and CSD tractography in native space to 
delineate the arcuate fasciculus and showed that it has numerous projections that fan out into the 
cortex through areas of crossing fibres. This geometry is not captured here due to the limitations 
of low angular resolution diffusion imaging and deterministic tractography in regions of complex 
fibre configurations. In addition, projections are likely to vary substantially across subjects and 
would most likely be averaged out when analysis is carried out in template space. Of note, the 
entire temporal lobe projections of the right SLF were not reconstructed in this study.  
 
While statistically significant, the correlation between DTI measures and BSID-III scores was 
modest. GA at birth and SES are known predictors of neurodevelopmental performance (Ball et 
al., 2015; Greene et al., 2013; Serenius et al., 2013), however a number of additional perinatal 
risk factors such as nutrition (Stephens et al., 2009), respiratory illness (Anderson and Doyle, 
2006; Lodha et al., 2014), and growth restriction (Padilla et al., 2011; Torrance et al., 2010) can 
influence outcome (discussed in detail in Section 3.2.4) but were not included in the model. 
Factors such as ROP, postnatal infection and sepsis have been associated with impaired 
developmental performance (Adams-Chapman and Stoll, 2006; Drost et al., 2018; Schlapbach et 
al., 2011), while treatment with postnatal steroids has been shown to have differing effects on 
neurodevelopmental outcome depending on treatment regiments (Doyle et al., 2017a, b; Parikh 
et al., 2015; Patra et al., 2015). Unfortunately, a limitation of this study is that data on these factors 
were not collected in the perinatal period and so the relationship between these perinatal risk 
factors and DTI measures or BSID-III scores were not assessed. Furthermore, GM diffusion 
properties have been related to neurodevelopmental performance (Ball et al., 2013). It is possible 
that a more comprehensive model, incorporating WM and GM properties and a wider range of 
clinical variables, may better explain the variation in neurodevelopmental performance observed 
in preterm infants.  
 
Prematurity has been shown to result in altered WM DTI measures in comparison to term-born 
infants (Anjari et al., 2007; Counsell et al., 2006; Huppi et al., 1998a; Neil et al., 1998) and these 
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changes are related to the degree of prematurity (Anjari et al., 2009; Dudink et al., 2007). TSA 
shows that reduced FA and increased diffusivity in the body of the CC and the posterior ILF and 
IFOF are associated with increased prematurity. No relationship was found between GA at birth 
and DTI measures in the CST. This is supported by previous results in smaller tractography 
studies (Adams et al., 2010; de Bruine et al., 2011b) and ROI analysis which found no differences 
in the PLIC between extremely preterm infants and term controls at TEA (Skiold et al., 2010). In 
contrast, in a TBSS study Ball et al. (2010) found widespread DTI changes associated with the 
degree of prematurity at birth including in the CST, and Dudink et al. (2007) and Anjari et al. 
(2009) found increases in FA associated with increased GA at birth in the PLIC. These studies 
did not include subjects with focal WM injury, whereas the studies which did not find a significant 
relationship between DTI measures and GA included subjects with focal injury, as did this study. 
Reduced FA and increased diffusivity in the PLIC and CST has been observed in infants with WM 
injury (Counsell et al., 2006; Huppi et al., 2001; Lee et al., 2011; Liu et al., 2012) and rates of the 
change in FA and MD are slower in preterm infants with WM abnormalities than in preterm infants 
with normal appearing WM (Adams et al., 2010). Together these results suggest that disruptions 
to the CST occur in the presence of overt WM injury that are independent of GA at birth.  
 
Our results show a maturation-dependent increase in FA and decrease in diffusivity that concurs 
with previous studies in preterm infants (Bonifacio et al., 2010; Kersbergen et al., 2014b; Miller et 
al., 2002; Nossin-Manor et al., 2015; Partridge et al., 2004). The wide range of age at scan studied 
here, 37-46 weeks PMA, is a period of rapid development across the whole brain where transient 
circuitry organises into permanent cerebral pathways (Kostovic and Jovanov-Milosevic, 2006). By 
this time neuronal proliferation and migration have largely finished and the dominant neurogenic 
processes are axonal pathway development, cortical neuronal differentiation and synaptogenesis 
(Kostovic and Judas, 2006) across the whole brain. This is reflected in the extent of the correlation 
seen across every tract. Notably, the only region where PMA does not correlate with any DTI 
measure was within the body of the CC, however diffusion measures in this region were strongly 
correlated with GA at birth. These results suggest that the microstructural organisation of the body 
of the CC is unchanging during the period studied here but is disrupted by prematurity. Indeed 
Young et al. (2016) observed that the CC displays the slowest rate of change in FA during the 
first month of life out of nine WM tracts. Across all results, changes in RD were greater than 
changes in AD, confirming previous findings (Adams et al., 2010; Anjari et al., 2007; Chau et al., 
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2013; Partridge et al., 2004; Rose et al., 2014) that changes in FA are driven primarily by reduction 
in RD. At TEA, the PLIC is one of the few myelinated regions in therefore it is likely that these 
changes reflect premyelination events such as increases in axon diameter and decreased 
membrane permeability, oligodendrocyte proliferation and maturation resulting in more coherent 
axonal organization and overall reduction in free water (Beaulieu, 2002; Wimberger et al., 1995). 
Nonetheless we are limited in the conclusions we can draw with respect to the underlying 
microstructure. The standard diffusion tensor can model only a single fibre population. The 
presence of multiple fibre populations within a single WM voxel (Jeurissen et al., 2013) confound 
biophysical interpretations of DTI measures (Wheeler-Kingshott and Cercignani, 2009). More 
advanced dMRI models that are able to resolve multiple fibre populations (Alexander, 2005; 
Anderson, 2005; Dell'Acqua et al., 2007; Descoteaux et al., 2009; Tournier et al., 2004) and 
quantify neurite morphology (Zhang et al., 2012) are unfortunately not applicable here due to the 
relatively low angular resolution and low b value of the diffusion data (32 gradient directions and 
a b-value of 750 s/mm2). 
 
5.5 Conclusions 
TSA was applied to assess the relationship between WM diffusion properties derived from DTI at 
TEA in a cohort of 407 preterm infants and neurodevelopmental performance at 20 months. This 
analysis demonstrated anatomically-specific relationships between motor, cognitive and 
language performance and WM fasciculi. Higher motor and cognitive scores were associated with 
increased FA and decreased diffusivity in projection, commissural and association fibres, 
however there was little to no correlation between language performance and DTI metrics. Lower 
gestational age was associated with decreased FA and increased diffusivity, and a maturation-






Chapter 6 Fixel based analysis  
 
 
White matter voxels contain multiple fibre populations. Despite the sensitivity of the diffusion 
tensor model to WM changes during the perinatal period, it is an inadequate representation of 
crossing fibre configurations. Fixel based analysis (FBA), where a single fibre populations is 
referred to as a fixel, is a novel analysis framework which provides parameters of fibre density 
and fibre cross-section for individual fibre populations within a voxel. This chapter demonstrates 
the feasibility of applying FBA to the preterm neonatal population. FBA is applied to assess 
changes in fibre density and fibre cross-section associated with perinatal risk factors and 




6.1 Introduction  
Measures derived from the diffusion tensor model are sensitive to developmental changes and 
alterations in WM related to prematurity and perinatal risk factors. Nonetheless this model is an 
over simplification of the underlying anatomy. WM voxels contain complex fibre configurations, 
with up to 90% of voxels containing multiple distinct fibre populations (Behrens et al., 2007; 
Jeurissen et al., 2013) but the diffusion tensor expresses a single principal direction and therefore 
it is unable to characterise more than one fibre orientation. This is especially important for tensor-
based tractography methods as it can lead to false negatives in regions of low FA due to complex 
fibre architecture. Tensor-based algorithms track the dominant fibre orientation and capture the 
gross structure of a tract (Mori and van Zijl, 2002) however branching structures such as the 
lateral projections of the CC or the CST are likely to missed (Tournier et al., 2011).  
 
Higher order diffusion models can better characterise fibre orientations in the presence of multiple 
fibre populations. These models rely on the acquisition of high angular resolution diffusion-
weighted imaging (HARDI) data to better characterise the diffusion profile. An increased number 
of diffusion-weighted gradient directions and higher b-values are required to resolve crossing 
fibres (Tournier et al., 2013). CSD is one such method, which provides estimates of FODs of 
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multiple fibre populations within a voxel. CSD has been applied previously to preterm neonatal 
populations to study WM tracts with complex configurations that are not possible to resolve with 
DTI. Salvan et al. (2017) demonstrated the relationship between the diffusion properties of the 
arcuate fasciculus at TEA and language performance at 2 years old. Using high b-value, high 
angular resolution diffusion imaging and CSD tractography the authors were able to capture the 
lateral projections of the arcuate fasciculus. Pieterman et al. (2017) were able to, for the first time, 
delineate the cortico-ponto-cerebellar and cerebello-thalamo-cortical tracts in vivo using HARDI 
data analysed with CSD in infants scanned as early as 29 weeks PMA. Delineating connections 
between the cerebellum and the supratentorial brain regions is particularly challenging due to the 
crossing fibres at the level of the pons and mesencephalon, and the high degree of fanning in the 
cerebrum. However, these methods only reported voxel-averaged DTI measures in their 
assessments of WM microstructure.  
 
Fixel-based analysis (FBA) is a novel framework which provides quantitative measures 
associated with a single fibre population derived from FOD estimations (Raffelt et al., 2017), rather 
than voxel-averaged measures such as FA which are likely to be influenced by multiple fibre 
populations within a voxel. A single fibre population in a voxel is referred to as a fixel. FBA 
provides measures of fixel-specific fibre density (FD) and fibre cross-section (FC). FD quantifies 
the volume of the restricted intra-axonal compartment along a particular fibre population direction 
(Raffelt et al., 2017). This provides an assessment of WM microstructure. As described in full in 
Chapter 2 (Section 2.3.6), the volume of the restricted intra-axonal compartment is proportional 
to the FOD amplitude and FD is calculated by integrating the FOD lobes. For assessment of fibre-
bundle morphology, FC measures relative changes in local WM fibre bundle cross-section in the 
plane perpendicular to the main fibre orientation. FC is based on nonlinear deformations applied 
during spatial normalisation, similar to tensor-based morphometry.  
 
Previous dMRI studies assessing WM in infants have solely investigated voxel-averaged 
measures (Anjari et al., 2007; Counsell et al., 2008; De Bruine et al., 2013; Duerden et al., 2015; 
van Kooij et al., 2012b), such as DTI, and not fibre population specific measures. Studies 
investigating brain morphology have only examined whole brain volumes or whole tissue volumes 
(Ball et al., 2012; Boardman et al., 2007; Boardman et al., 2006; Inder et al., 2005; Peterson et 
al., 2003; Srinivasan et al., 2007) but not local change in individual fibre-bundles.  
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The aims in this chapter are to (i) demonstrate the feasibility of FBA in the neonatal preterm 
population; (ii) investigate the relationship between fixel-based measures of WM and perinatal 
risk factors; (iii) and to investigate the relationship between fixel-based measures of WM at TEA 





We studied 50 infants (28 male) born at 24.0–32.9 (median 30.4) weeks GA and imaged at 38.6–
47.1 (median 42.1) weeks PMA. Infants were recruited as part of the ePrime study of preterm 
brain development. Written parental consent was obtained prior to imaging. T1- and T2-weighted 
MR images were assessed for the presence of focal brain injury. Motor, cognitive and language 
performances were assessed using the BSITD-III at 20 months. The characteristics of the 
subjects studied are summarised in Table 6.1. A two-sample Kolmogorov-Smirnov test was 
applied to test for differences between the whole cohort (n=50) and the subset of subjects 
assessed using the BSITD-III (n=45). 
 
6.2.2 Data Acquisition 
All MR imaging data were acquired under the supervision of a paediatrician experienced in MR 
imaging procedures. T1- and T2-weighted were acquired as described in Chapter 3. dMRI was 
acquired on a 3-Tesla MR system sited on the neonatal intensive care unit in 64 non-collinear 
directions with a b-value of 2500 s/mm2 and 4 non-diffusion-weighted images using the following 
parameters: TR = 9000 ms, TE = 62 ms, voxel size: 2mm isotropic, SENSE factor of 2.  
 
6.2.3 Image processing 
The data were pre-processed by removal of motion-corrupted volumes, PCA-based denoising 
(Veraart et al., 2016), distortion correction and outlier replacement (Andersson et al., 2016), bias 
field correction (Tustison et al., 2010) and intensity normalisation across datasets. FOD images 
were computed for each subject using multi-shell multi-tissue CSD (Jeurissen et al., 2014). 
Tissue-specific group-average response functions for WM and CSF were estimated using both 
b=0 and b=2500 s/mm2 shells. WM FODs are assumed to be anisotropic and are modelled using 
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spherical harmonic series of order 8, whereas CSF is assumed to be isotropic and FODs are 
modelled using spherical harmonic series of order 0. GM FODs are also assumed to be isotropic 
and modelled using spherical harmonic series of order 0, however no response function was 
calculated for GM. The WM response function was estimated from single-fibre voxels identified 
using the algorithm described in Tournier et al. (2013).  
 
Table 6.1 Characteristics of the study group. 





Median (range) gestational age at birth 
(weeks) 
30.4 (24.0-32.9)  30.6 (24.0-32.9)  >0.99 




42.1 (38.6-46.1)  >0.99 
Median (range) PMA at BSITD-III 
assessment corrected for prematurity 
(months) 
N/A  20.2 (19.7-22.5) >0.99 
Median (range) birth weight (grams) 1202.5 (645-
1990)  
1230 (645-1990)  >0.99 
Mean (SD) birth weight z scores  -0.71 (0.876) -0.71 (913) >0.99 
Median (range) days of ventilation (days)  0 (0-40)  0 (0-40)  >0.99 
Bronchopulmonary dysplasia (no., %) 10 (20%) 8 (17.7%) >0.99 
Median (range) days of total parenteral 
nutrition (days) 
6.5 (0-89)  7 (0-89)  >0.99 
Rate of weight gain (grams per week)  164 (11-276)  163 (11-276)  >0.99 
NEC requiring surgery (no, %) 1 (2%) 1 (2.2%) >0.99 
Chorioamnionitis (no., %) 2 (4%) 1 (2.2%) >0.99 
PDA requiring medical or surgical 
treatment (no., %) 
1 (2%) 1 (2.2%) >0.99 
Median (range) index of multiple 
deprivation  





To calculate the isotropic CSF response function, voxels within the ventricles were delineated by 
manually drawing ROIs. The CSF and WM response functions were averaged across subjects 
and used to calculate each subject's FOD images.  
 
6.2.4 FBA 
6.2.4.1 Registration  
Each subject's FOD image was mapped to an iteratively-refined, group-averaged template FOD 
image using nonlinear transformations (Raffelt et al., 2012a; Raffelt et al., 2011). FOD registration 
preserves the total FOD integral and the volume fractions of each fibre population (Raffelt et al., 
2009).  
 
6.2.4.2 Fibre density 
At high diffusion-weightings, the extra-axonal water is strongly attenuated and the total radial 
diffusion signal is proportional to the intra-axonal water. The amplitude of the FOD is proportional 
to the radial diffusion signal and therefore provides a measure of the intra-axonal volume fraction 
of the fibres aligned with the fixel direction. FD was calculated for each fixel in each subject’s 
warped FOD image. For each subject, the FOD lobes were segmented based on the peaks and 
troughs of the FOD. The peak of the FOD is the direction for which the FOD amplitude is at its 
maximum. The FD of each lobe was calculated by numerically integrating the FOD lobe over a 
hemisphere (Smith et al., 2013). It should be noted that when fibres are dispersed, a greater 
spread in orientations can correspond to greater fibre density without an increased peak 
amplitude. By calculating FD as the integral of the FOD this is taken into account. Fixels in each 
subject’s warped FOD image were then reoriented to ensure orientation information remains 
anatomically consistent across voxels. Each FOD in the template was segmented. The template 
is a group average; therefore, it is representative of the fixels common to all subjects. This defines 
a fixel template mask within which the statistical analysis was performed. To achieve anatomical 
correspondence across subjects, an FD value from each subject's fixel is assigned to each 
corresponding fixel in the template mask. If a subject's fixel is more than 30o away from the 






6.2.4.3 Fibre cross-section 
At each point, the nonlinear mapping of each subject's FOD image to template is given by the 
Jacobian matrix. The determinant of the Jacobian describes local expansion or contraction with 
respect to the template. FC is a measure of the cross-sectional change in direction perpendicular 
to the orientation of a fixel computed using the determinant of the Jacobian. FC is calculated using 
the warp from the template to the subject, therefore FC greater than 1 represents a larger fibre 
bundle in the subject than in the template. 
  
6.2.4.4 Fibre density and cross-section  
FD and FC are combined to give a measure that is sensitive to both changes in microscopic 





Figure 6.1 Axial, sagittal and coronal views of T2-weighted image of infant with small HPOI, indicated by the 
yellow arrows. 
Figure 6.2 Histograms of motor, cognitive and language scores from the BSITD-III assessment 
144 
 
6.2.4.5 Statistical analysis  
Whole-brain probabilistic tractography was performed in the FOD template seeded from a whole-
brain WM mask to produce a tractogram of 20 million streamlines. From this tractogram, a subset 
of 10 million streamlines was selected that best fit the diffusion signal using the SIFT algorithm 
(Smith et al., 2013). Connectivity-based fixel enhancement (CFE) was performed. CFE uses 
probabilistic tractography to establish structural connections between fixels. Connectivity between 
fixels is used to smooth fixel measures across connected fixels and for multiple comparisons 
correction by identifying connected clusters of fixels of significant effect, similar to that of 
threshold-free cluster enhancement (Smith and Nichols, 2009). Multiple comparisons correction 
was carried out using non-parametric permutation testing (Nichols and Holmes, 2002) with family-
wise error rate (FWER) correction.  
 
FBA was used to assess the relationship between fixel-derived measures and relevant perinatal 
risk factors. Regression analysis was carried out between FD, FC, FDC and the following; 
• PMA (GA and sex as covariates),  
• GA (PMA and sex as covariates),  
• the number of days on mechanical ventilation (GA, PMA and sex as covariates),  
• the number of days on total parenteral nutrition (TPN) (GA, PMA and sex as covariates),  
• birth weight z scores (GA, PMA and sex as covariates), 
• rate of weight gain per week (GA, PMA and sex as covariates)  
• group differences between male and female infants (GA and PMA as covariates).  
The effects of NEC, chorioanmionitis and treatment for patent ductus arteriosus were not 
investigated because too few subjects presented (see Table 6.1). 
 
FBA was used to assess the relationship between fixel-derived measures at TEA and 
neurodevelopmental outcome at 20 months. Regression analysis was performed between FD, 
FC, FDC and BSITD-III scores for  
• motor,  
• cognitive  
• language performance 
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with GA, PMA, socioeconomic status and sex as covariates. Socioeconomic status was defined 




6.3.1 MRI findings  
Focal brain injury was observed on conventional MRI in three infants. One subject had a unilateral 
cerebellar haemorrhage in addition to germinal layer haemorrhage; one subject had a small 
unilateral haemorrhagic parenchymal infarct (Figure 6.1); and one subject had haemorrhage in 
the right temporal lobe, cerebellar haemorrhage, cerebellar hypotrophy and bilateral 
intraventricular haemorrhage.  
 
6.3.2 Neurodevelopmental performance  
Of the 50 subjects, 45 were assessed using the BSITD-III. Four subjects were lost to follow up 
and one subject died from sudden infant death syndrome after discharge from the neonatal 
intensive care unit. The results for the BSITD-III scores are shown in Figure 6.2. The median 
(range) composite motor, cognitive and language scores were 94 (58-121), 95 (65-120) and 91 
(53-115) respectively. There was no difference between the whole cohort (n=50) and the subset 
of subjects assessed using the BSITD-III (n=45) in any of the characteristics (p-values>0.99 for 





Figure 6.3 The results of fixel-based analysis assessing the relationship between FD and PMA at scan. 
The top and third rows show fixels with significant positive correlation (corrected p≤0.05) between FD 
and PMA at scan. The second and bottom rows show the streamlines passing through significant fixels, 




6.3.3 Fixel-based analysis  
6.3.3.1 Relationship between fixel measures and perinatal risk factors 
All significant results are bilateral, unless the hemisphere is explicitly stated.  
 
6.3.3.1.1 PMA at scan  





Figure 6.4 Coronal view of fixels showing significant positive correlation between FD and PMA at scan 
(red-yellow) overlaid on the template fixel mask (black) with a close-up of fixels projecting to the laterally 
to the cortex.  
 
 
PMA at scan was correlated with FD in the forceps minor and forceps major, a small region of 
cortical projections from the middle of the body of the CC and lateral projections of the CC, the 
corona radiata, the IFOF, SLF, and ILF (Figure 6.3 and Figure 6.4).   
 
There was a positive correlation between PMA and FC throughout the whole WM, including in the 
middle of the body of the CC and lateral projections of the CC, the forceps major, the anterior 
commissure, posterior commissure, CST, IFOF (except in the frontal lobe projects), SLF, ILF, 
cingulum, fornix, fixels within the thalamus, the cerebellum and pons (Figure 6.5 and Figure 6.6).  
 
FDC was correlated with PMA in the middle of the body of the CC and the lateral projections of 
the CC, the forceps minor, forceps major, the anterior commissure, CST, IFOF, SLF, ILF, fixels 





Figure 6.5 The results of fixel-based analysis assessing the relationship between FC and PMA at scan. The 
top and third rows show fixels with significant positive correlation (corrected p≤0.05) between FC and PMA 
at scan. The second and bottom rows show the streamlines passing through significant fixels, coloured by 
direction (red: left-right; green: anterior-posterior; blue: inferior-superior). 
 
 
6.3.3.1.2 Gestational age at birth    
GA at birth was significantly correlated positively with FD, FC and FDC.  
 
GA at birth correlated with FD in the splenium and tapetum of the CC, the anterior commissure, 





Figure 6.6 Coronal view of fixels showing significant positive correlation between FC and PMA at scan 
(red-yellow) overlaid on the template fixel mask (black) with a close-up of fixels projecting to the cortex. 
While multiple fixels within a voxel are identified as statistically significant, they are not the same value, 
with medial projections having a lower p-value than lateral projections.  
 
 
GA was correlated more extensively with FC, namely in the genu and splenium of CC, the anterior 
commissure, the CST, IFOF, SLF, ILF, fornix, the cingulum (left > right), fixels within the thalamus, 
the cerebellum and the pons (Figure 6.9 and Figure 6.10)  
 
FDC was correlated with GA in the genu, splenium and tapetum of the CC, the anterior 
commissure, the left CST inferior of the PLIC, and the middle-to-anterior regions of the IFOF and 
ILF, fornix and fixels within the thalamus (Figure 6.11).  
 
6.3.3.1.3 Days on mechanical ventilation  






Figure 6.7 The results of fixel-based analysis assessing the relationship between FDC and PMA at scan. 
The top and third rows show fixels with significant positive correlation (corrected p≤0.05) between FC and 
PMA at scan. The second and bottom rows show the streamlines passing through significant fixels, coloured 
by direction (red: left-right; green: anterior-posterior; blue: inferior-superior). 
 
 
FD showed a negative correlation with number of days on mechanical ventilation in the 
cerebellum and the pons (Figure 6.12 and Figure 6.13).  
 
FC showed negative correlation in the splenium and tapetum of the CC, the anterior commissure, 
CST, ALIC, the middle-to-anterior regions of the IFOF, fornix, fixels within the thalamus, 




Figure 6.8 The results of fixel-based analysis assessing the relationship between FD and GA at birth. The 
top row shows fixels with significant positive correlation (corrected p≤0.05) between FD and GA at birth. The 
bottom row shows the streamlines passing through significant fixels, coloured by direction (red: left-right; 




Figure 6.9 The results of fixel-based analysis assessing the relationship between FC and GA at birth. The 
top row shows fixels with significant positive correlation (corrected p≤0.05) between FC and GA at birth. The 
bottom row shows the streamlines passing through significant fixels, coloured by direction (red: left-right; 






Figure 6.10 Axial view of fixels showing significant positive correlation between FC and GA at birth (red-
yellow) overlaid on the fixel template mask (black) with a close-up of fixels within the centrum semiovale, 
identifying fixels within the SLF as statistically significant.  
 
 
FDC showed negative correlation in the CST, the mid-ILF, the right fornix, the cerebellum and 
pons. The correlation in the left CST was only up to the level of the centrum semiovale, whereas 
on the right the correlation was present in the projections towards the cortex (Figure 6.16).   
 
6.3.3.1.4 Days on total parenteral nutrition   
There were no significant correlations between FD, FDC and the number of days requiring TPN.  
 
FC showed a negative correlation in the CST, up to the level of the centrum semiovale, and the 
cerebellum (Figure 6.17 and Figure 6.18).  
 
6.3.3.1.5 Birth weight  
Birth weight z scores were not correlated with FD.  
 
The correlation between birth weight z scores and FC was widespread throughout the WM. There 
significant positive correlations in the genu, splenium, body and lateral projections of the CC, the 
anterior commissure, posterior commissure, CST, IFOF, SLF, ILF, cingulum, fornix, ALIC, the 





Figure 6.11 The results of fixel-based analysis assessing the relationship between FDC and GA at birth. The 
top row shows fixels with significant positive correlation (corrected p≤0.05) between FDC and GA at birth. 
The bottom row shows the streamlines passing through significant fixels, coloured by direction (red: left-
right; green: anterior-posterior; blue: inferior-superior). 
 
 
There were significant positive correlations between birth weight z scores and FDC in the 
splenium and body of the CC, the anterior commissure, CST, IFOF, ILF, fornix and fixels within 
the thalamus (Figure 6.21). 
 
6.3.3.1.6 Rate of weight gain 
The rate of weight gain per week showed no significant correlation with either FD, FC or FDC.  
 
6.3.3.1.7 Sex  
 There were no significant differences in FD and FDC between male and female subjects.  
 
Male subjects showed higher FC in the splenium of the CC, CST, frontal lobe projections of the L 
IFOF/UNC, SLF, ILF, cingulum, fornix and cerebellum (Figure 6.22 and Figure 6.23) 
 






Figure 6.12 The results of fixel-based analysis assessing the relationship between FD and the number of 
days on mechanical ventilation. The top row shows fixels with significant negative correlation (corrected 
p≤0.05) between FD and days on ventilation. The bottom row shows the streamlines passing through 
significant fixels, coloured by direction (red: left-right; green: anterior-posterior; blue: inferior-superior). 
 
 
6.3.3.2 Relationship between fixel measures and developmental performance   
6.3.3.2.1 Motor performance  
There was no significant correlation between motor performance and FD.  
 
FC was significantly correlated positively with motor scores in the cerebellum and pons (Figure 
6.24 and Figure 6.25), and FDC showed a positive correlation with motor performance in the 
splenium of the CC (Figure 6.26).  
 
6.3.3.2.2 Cognitive performance  
There was no significant correlation between cognitive performance and FD.  
 
There was significant positive correlation with FC in the splenium and tapetum of the CC, the 
anterior commissure and in a small region of the right ILF/IFOF (Figure 6.27).  
 
FDC was correlated positively with cognitive scores in the splenium of the CC, a small region in 




Figure 6.13 Axial view of fixels showing significant positive correlation between FD and the number of days 
on mechanical ventilation (red-yellow) overlaid on the fixel template mask (black) with a close-up of fixels 
within the cerebellum.  
 
 
6.3.3.2.3 Language performance   
There was a significant positive correlation between language scores and FD in the splenium of 
the CC, a small region of fixels within the CC projecting from the middle of the body towards the 
cortex, and the ILF (Figure 6.29) 
 
There was no correlation between language scores and FC.  
 
FDC showed significant positive correlations with language scores in the genu, splenium and 
tapetum of the CC, in the same region of the middle of the body of the CC but also including fixels 
across the body and towards the cortex in both hemispheres, and in the ILF (Figure 6.30).   
 






6.4 Discussion  
This study demonstrates the feasibility of applying FBA to investigate WM properties in neonates, 
revealing associations between fibre population-specific measures of microstructural fibre density 
and regional cross-section of WM fasciculi and perinatal risk factors and neurodevelopmental 
performance. FD was calculated by integrating over the FOD lobe. As the amplitude of the FOD 
lobe is proportional to the restricted intra-axonal compartment, and contributions from the extra-
cellular compartment are attenuated, FD provides a measure of  
 
Figure 6.14 The results of fixel-based analysis assessing the relationship between FC and the number of 
days on mechanical ventilation. The top and third rows show fixels with significant negative correlation 
(corrected p≤0.05) between FC and days on ventilation. The second and bottom rows show the 
streamlines passing through significant fixels, coloured by direction (red: left-right; green: anterior-





Figure 6.15 Sagittal view of the fixels showing significant positive negative between FC and the number of 
days on mechanical ventilation (red-yellow) overlaid on the template fixel mask (black) with a close-up 
demonstrating that, within the centrum semiovale, it is fibres from the CST that show a significant correlation 
with days on ventilation, and not association fibres or lateral projections of the CC. 
 
 
within-voxel microstructural changes. FC was calculated from the determinant of the Jacobian 
matrices of the nonlinear deformations calculated during registration. FC provides a measure of 
the local expansion or contraction in WM bundles, across voxels, in the direction perpendicular 
to the main orientation of the fibre bundle. It should be noted that FC provides a measure of 
relative WM fibre-bundle macrostructural differences between subjects. It is calculated as the 
local change in fibre bundle cross-section with respect to the orientation of a fixel that occurs 
during registration but it is not an actual measure of a fibre bundle’s cross-section. This makes 
the choice of template particularly important, which is defined as a study-specific group average  
in this study, so as not to introduce bias towards any particular subject or group. FDC was 
calculated by multiplying FC and FD, thereby providing a measure of change related to both tissue 
microstructure and fibre bundle morphology.  
 
The correlations between variables of interest and FC were more widespread than correlations 
with FD, except for language performance. Indeed, there was no correlation between FD and 
days requiring TPN, birth weight z scores, motor scores and cognitive scores, and no significant 
differences in FD were found between male and female subjects. These results indicate that the 
variables studied here are more strongly associated with reductions in the cross-section of WM 





Figure 6.16 The results of fixel-based analysis assessing the relationship between FDC and the number of 
days on mechanical ventilation. The top and third rows show fixels with significant negative correlation 
(corrected p≤0.05) between FDC and days on ventilation. The second and bottom rows show the streamlines 




This study extends our knowledge of morphological changes associated with perinatal 
characteristics by demonstrating fibre-specific relationships. Previous volumetric studies 
investigated changes in total brain volume or tissue volumes. Using fixel-based measures it is 
possible to identify whether these changes are localised to specific fibre bundles or occur across 
the whole WM. This is of particular importance in regions of crossing fibres. In close-ups of the 
fixels within voxels containing multiple fibre populations it is clear that FBA enables fibre-bundle-




Figure 6.17 The results of fixel-based analysis assessing the relationship between FC and the number of 
days requiring total parenteral nutrition (TPN). The top row shows fixels with significant negative correlation 
(corrected p≤0.05) between FC and days on TPN. The bottom row shows the streamlines passing through 




Figure 6.18 Coronal view of the fixels showing significant positive negative between FC and the number 
of days requiring total parenteral nutrition (TPN) (red-yellow) overlaid on the template fixel mask (black) 
with a close-up of a region of crossing fibres within the brain stem.  
 
 
shows significant correlation between FC and days on mechanical ventilation. It can be observed 
that fixels belonging to the CST correlate with days spent on ventilation rather than any of the 
association fibres that traverse the region. By identifying which tracts are affected by given 
perinatal risk factors it could be possible to anticipate future developmental impairment by 




Figure 6.19 The results of fixel-based analysis assessing the relationship between FC and birth weight z 
scores. The top and third rows show fixels with significant positive correlation (corrected p≤0.05) between 
FC and birth weight z scores. The second and bottom rows show the streamlines passing through significant 
fixels, coloured by direction (red: left-right; green: anterior-posterior; blue: inferior-superior). 
 
 
However, a limitation of FBA is that it is not possible to identify the specific tract affected when 
multiple fibre populations from distinct fasciculi track through the same region in parallel 
trajectories. This is noticeable in the frontal and temporal WM, where it is not possible to make 
the distinction between the UNC and the projections of the ILF and IFOF.  
 
The changes associated with PMA at scan were widespread throughout the WM. FD, FC and 
FDC measures showed significant positive correlations with age at scan. PMA at scan was 
positively correlated with FD throughout major WM tracts. Notably, there was no significant 





no significant correlation was found between PMA and diffusion measures in the body of the CC. 
This supports the conclusion that the microstructural properties of the body of the CC are 
unchanging during this period. The correlation between PMA and FD is less extensive than the 
correlations between PMA and DTI measures found in the previous chapter. While FD and DTI  
measures all relate to the tissue microstructure, the cohort size in Chapter 5 was much greater 
than the cohort studied here. FC values were correlated positively with PMA at scan across the 
WM, demonstrating increases in WM fasciculi cross-section with maturation. These findings are 
consistent with previous volumetric studies based on conventional MRI which have identified 
linear increases in total brain volume and WM volume during the perinatal period. (Ajayi-Obe et 
al., 2000; Huppi et al., 1998b; Peterson et al., 2003).  
 
GA at birth was correlated positively with FD in the splenium and tapetum of the CC, the anterior 
commissure and the left IFOF. As was discussed in Chapter 5, prematurity adversely  
affects WM microstructure. These findings demonstrate that commissural fibres in particular are 
vulnerable to disturbances in intra-axonal volume fraction. FC was correlated positively with GA 
at birth. The relationship was widespread across the WM. Previous studies have shown the 
preterm birth is associated with reduced tissue volumes and reduced overall brain volume (Inder 
et al., 2005; Srinivasan et al., 2006; Thompson et al., 2007). FBA demonstrates that this effect is 
widespread across WM fasciculi and not driven by localised changes.  
 
Figure 6.20 Sagittal view of fixels showing significant positive correlation between FC and birthweight z 




Figure 6.21 The results of fixel-based analysis assessing the relationship between FDC and birth weight z 
scores. The top and third rows show fixels with significant positive correlation (corrected p≤0.05) between 
FDC and birth weight z scores. The second and bottom rows show the streamlines passing through 
significant fixels, coloured by direction (red: left-right; green: anterior-posterior; blue: inferior-superior). 
 
 
Respiratory illness during the perinatal period has been associated with poor developmental 
outcome (Hansen et al., 2004; Short et al., 2003) and independent of prematurity at birth, is 
associated with WM microstructural abnormalities (Anjari et al., 2009; Ball et al., 2010) and 
reduced WM and cerebellar volumes in preterm infants (Argyropoulou et al., 2003; Boardman et 
al., 2007; Thompson et al., 2007) and preterm-born children (Reiss et al., 2004). FBA reveals that 
while days of ventilation had widespread effects on FC across the WM and cerebellum, 
microstructural changes as assessed by FD were localised to the cerebellum and pons. 
Cerebellar microstructural development in preterm infants has been not been well characterised. 




Figure 6.22 The results of fixel-based analysis assessing differences between male and female subjects. 
The top and third rows show fixels with FC significantly greater (corrected p≤0.05) in male subjects than in 
female subjects. The second and bottom rows show the streamlines passing through significant fixels, 
coloured by direction (red: left-right; green: anterior-posterior; blue: inferior-superior). 
 
 
reduced MD associated with compromised cardiorespiratory function in the dentate nucleus and 
WM abnormality scores in the vermis. This is most likely due the prevalence of crossing fibre 
regions, which have been demonstrated in fixed fetal brains using CSD tractography (Takahashi 
et al., 2014). This highlights the need for higher-order models in regions of complex fibre 





Figure 6.23 Axial view of the fixels showing significant differences in FC between male and female subjects 
(red-yellow) overlaid on the template fixel mask with a close-up of the fixels within the cingulum. The 
cingulum can be difficult to identify due to partial volume effects from the CC, however it is possible to 
distinguish the two using fixel-based analysis.  
 
 
The relationship between TPN and fixel measures was also analysed. Gut immaturity in preterm 
infants can result in an inability to tolerate enteral feeds and therefore parenteral nutrition is 
required (Morgan, 2013). Nutritional deficits occur in infants who are dependent on parenteral 
nutrition (Clark et al., 2003; Dusick et al., 2003) and reduced energy and protein intake during the 
first week of life has been associated with impaired cognitive and motor performance (Stephens 
et al., 2009). Moreover, it is generally more critically ill infants who require TPN for longer 
(Ehrenkranz et al., 2011). Previous studies have shown parenteral nutrition is associated with 
WM and cerebellar abnormalities assessed qualitatively on conventional MRI (Brouwer et al., 
2017) and that the cerebellum and hippocampus are particularly vulnerable to malnutrition 
(Levitsky and Strupp, 1995). FBA demonstrates a relative reduction in FC in the CST and 
cerebellum, and no changes in FD or FDC. Aberrant cerebellar and corticospinal morphology 
could impact both motor and cognitive function later on in life (Davis et al., 2010).  
 
Birth weight z scores were correlated positively with FC and FDC across the WM, but no 
microstructural changes were observed. Birth weight is linearly associated with increased brain 
volume (Parikh et al., 2013; Xydis et al., 2013) and FBA demonstrates this effect is widespread 




Figure 6.24 The results of fixel-based analysis assessing the relationship between FC and motor 
performance. The top row shows fixels with significant positive correlation (corrected p≤0.05) between FC 
and motor scores from the BSITD-III. The bottom row shows the streamlines passing through significant 




Figure 6.25 Coronal view of the fixel showing significant positive correlation between motor scores and FC 
(red-yellow) overlaid on the template fixel mask (black) with a close-up of the brainstem demonstrating that 





Figure 6.26 The results of fixel-based analysis assessing the relationship between FDC and motor 
performance. The top row shows fixels with significant positive correlation (corrected p≤0.05) between 
FDC and motor scores from the BSITD-III. The bottom row shows the streamlines passing through 
significant fixels, coloured by direction (red: left-right; green: anterior-posterior; blue: inferior-superior). 
 
 
Increased rate of weight gain during the perinatal period has been associated with improved 
neurodevelopmental scores (Ehrenkranz et al., 2006; Franz et al., 2009). However, rate of weight 
gain per week was not significantly correlated with any fixel measures. Rate of weight gain was 
calculated for the period between birth and the time of MRI scan. Rate of weight gain was linearly 
correlated with GA at birth (Pearson correlation = 0.38) and after correcting for GA no significant 
relationship remained.  
 
Male sex has been implicated as a risk factor for poorer outcome in preterm infants (Hintz et al., 
2006; Serenius et al., 2013; Wood et al., 2005). In this study, no microstructural differences were 
found between male and female subjects. A previous DTI study in a larger cohort (n=78) have 
found lower FA in in the splenium of the CC in preterm males than preterm females at TEA (Rose 
et al., 2009), however in a smaller cohorts (n=26, n=29, n=63) (Anjari et al., 2007; Skiold et al., 
2014; van Kooij et al., 2012b) no differences in diffusion measures were found. However, male 
infants had greater FC across the whole WM, consistent with previous studies of overall brain, 




Figure 6.27 The results of fixel-based analysis assessing the relationship between FC and cognitive 
performance. The top row shows fixels with significant positive correlation (corrected p≤0.05) between FC 
and cognitive scores from the BSITD-III. The bottom row shows the streamlines passing through significant 
fixels, coloured by direction (red: left-right; green: anterior-posterior; blue: inferior-superior). 
 
 
A limitation of this study is that data regarding postnatal steroids treatment, ROP and postnatal 
infection or sepsis were not collected for this group and therefore their effects on the developing 
WM could not be studied.  
 
Motor scores were correlated positively with FC in cerebellum. Cerebellar involvement in motor 
function is well-established (Evarts and Thach, 1969). Many of the studies exploring the role of 
the cerebellum in neurodevelopmental outcomes have been volumetric (Limperopoulos et al., 
2010; Limperopoulos et al., 2005; Ranger et al., 2015; Srinivasan et al., 2006) or qualitative 
assessments of cerebellar injury (Haines et al., 2013; Limperopoulos et al., 2007; Messerschmidt 
et al., 2008). This demonstrates the relationship between the calibre of fibre bundles within the 
cerebellum and motor performance. More recently the role of the cerebellum in higher-order non-
motor functions such as cognition and behaviour (Buckner, 2013; Schmahmann and Sherman, 
1998) has been demonstrated. However, this study found no association between fixel measures 





Figure 6.28 The results of fixel-based analysis assessing the relationship between FDC and cognitive 
performance. The top row shows fixels with significant positive correlation (corrected p≤0.05) between 
FDC and cognitive scores from the BSITD-III. The bottom row shows the streamlines passing through 
significant fixels, coloured by direction (red: left-right; green: anterior-posterior; blue: inferior-superior). 
 
 
Cognitive scores were correlated with FC in the CC and anterior commissure and with FDC in the 
CC and right CST. Both the CC and CST have been associated with cognitive performance in 
preterm infants in Chapter 5 and in other DTI studies (Duerden et al., 2015). Notably it is 
commissural fibres that demonstrate a significant correlation with cognitive performance, 
stressing the importance of inter-hemispheric connectivity. Moreover, this study highlights the 







Figure 6.29 The results of fixel-based analysis assessing the relationship between FD and language 
performance. The top row shows fixels with significant positive correlation (corrected p≤0.05) between FD 
and language scores from the BSITD-III. The bottom row shows the streamlines passing through significant 




Figure 6.30 The results of fixel-based analysis assessing the relationship between FDC and language 
performance. The top row shows fixels with significant positive correlation (corrected p≤0.05) between FDC 
and language scores from the BSITD-III. The bottom row shows the streamlines passing through significant 






Language performance was the only BSITD-III measure that showed a significant correlation with 
FD. Correlations were found in the ILF, the splenium of the CC, and a small region of fixels within 
the body of the CC projecting towards the cortex. These tracts have been shown to be involved 
in language and reading abilities in preterm-born children (Feldman et al., 2012). These findings 
suggest that language ability is more closely related to microstructural rather than morphological 
properties of WM, unlike motor or cognitive development. However, language and cognitive 
performance are closely related and it should be noted that regions showing significant correlation 
between FDC and cognitive scores and FDC and language scores overlap substantially.  
 
 
6.5 Conclusions  
This chapter demonstrates the feasibility of applying FBA to the neonatal preterm population. This 
study identifies changes in fibre density and cross-section of specific fibre bundles within whole 





Table 6.2 Summary of results from fixel-based analysis. All significant results are bilateral, unless the 
hemisphere is explicitly stated. 
 
Variable of interest FD FC FDC 
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Chapter 7 White matter in healthy term-born infants   
 
This chapter studies WM lateralisation and maturation in term-born infants. While hemispheric 
WM asymmetries associated with functional specialisation have been demonstrated in adults, 
lateralisation has not been assessed within the perinatal period in healthy subjects. Furthermore, 
there are no studies characterising normal WM development in term infants using higher order 
diffusion models. In this chapter, TSA is combined with DTI, NODDI and fixel-derived measures 
and applied to state-of-the-art diffusion MRI data from the Developing Human Connectome 
Project to assess lateralisation and maturation in healthy term-born infants within the first four 
weeks of life. The results demonstrate little to no hemispheric differences in WM fasciculi, 
indicating that lateralisation emerges later in life. Regression analysis reveals a maturation pattern 
of decreasing diffusivity and increasing intracellular compartment and overall increases in WM 
fibre cross-section.  
 
 
7.1 Introduction  
Cerebral lateralisation is thought to be a key aspect of normal human development, arising from 
hereditary, genetic, developmental and experiential factors (Liu et al., 2009; Toga and Thompson, 
2003). Typically, functional specialisation in the adult brain has been observed as left-hemispheric 
dominance for language and motor tasks, and right-hemispheric dominance for visuospatial 
attention (Badzakova-Trajkov et al., 2010; Barber et al., 2012; Cai et al., 2013; Heilman et al., 
1983; Knecht et al., 2000; Schlerf et al., 2015; Whitehouse and Bishop, 2009). In addition, DTI 
studies have demonstrated asymmetries in WM fasciculi in children and adults. Higher FA in the 
left CST has been associated with right-handedness (Eluvathingal et al., 2007; Herve et al., 2009; 
Takao et al., 2011; Thiebaut de Schotten et al., 2011b; Westerhausen et al., 2007), and higher 
FA in the left arcuate fasciculus and SLF has been associated with language production (Buchel 
et al., 2004; Budisavljevic et al., 2015; Catani et al., 2007; Eluvathingal et al., 2007; Lebel and 
Beaulieu, 2009; Perlaki et al., 2013; Powell et al., 2006; Rodrigo et al., 2007; Takao et al., 2011), 
and visual-spatial attention has been associated with higher tract volumes in the right parieto-
frontal SLF in right-handed adults (Thiebaut de Schotten et al., 2011a).  
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However, it remains unclear if such microstructural asymmetries are present at birth or emerge 
later in life. Functional MRI and event-related potential studies in infants have demonstrated 
higher activation in the left hemisphere in response to auditory stimuli (Dehaene-Lambertz, 2000; 
Dehaene-Lambertz et al., 2002; Dehaene-Lambertz et al., 2006; Pena et al., 2003) and studies 
in preterm neonates and foetuses have reported structural asymmetries in the Perisylvian region 
(Chi et al., 1977; Dubois et al., 2008b; Dubois et al., 2010; Habas et al., 2012; Leroy et al., 2015). 
DTI studies have found higher FA values in the left CST, SLF and arcuate fasciculus in preterm 
infants (Liu et al., 2010) and term-born infants aged 1-4 months (Dubois et al., 2009), and 
asymmetries of structural connectivity assessed using graph theoretical approaches in healthy 
neonates (Ratnarajah et al., 2013), however studies of WM lateralisation during the perinatal 
period in healthy term infants are lacking. 
 
Furthermore, there are no studies characterising brain maturation in term-born infants beyond the 
DTI model. The Developing Human Connectome Project (dHCP) aims to deliver the first dynamic 
map of human brain connectivity from 20 to 44 weeks postconceptional age from well-
characterized foetuses and newborn infants. Novel, optimised imaging methods developed for 
the dHCP (Hughes et al., 2016; Hutter et al., 2017) have produced neonatal MRI data of 
unprecedented quality. Applying advanced diffusion models, such as NODDI and fixel-derived 
measures, to state-of-the-art diffusion MRI data presents a unique opportunity to study normal 
human brain development. In this chapter, data from the first public release of imaging data from 
40 dHCP subjects (Hughes et al., 2017) imaged within the first 4 weeks of life are studied to 
assess lateralisation and maturation in healthy term-born infants.  
 
The aims of this chapter are to (i) investigate whether interhemispheric differences are present in 
WM fasciculi in healthy term-born neonates; and (ii) assess changes in the diffusion properties of 
WM fasciculi associated with increasing age using TSA and DTI, NODDI and fixel-derived 
measures. It is expected that diffusivities decrease and FA, FD, FC and neurite density, estimated 







Infants were recruited and imaged at the Evelina Neonatal Imaging Centre, London, as part of 
the Developing Human Connectome Project. Informed parental consent was obtained for imaging 
and data release, and the study was approved by the UK Health Research Authority. The infants 
were imaged in natural sleep. 40 subjects from the first public data release were studied. Healthy 
subjects born at 36-41.6 (median 39.1) weeks GA were imaged within the first 4 weeks of life at 
36.9-44.1 (median 39.4) weeks PMA. The subjects’ perinatal characteristics are summarised in 
Table 1.  
 
Table 7.1 The perinatal characteristics of the study group. 
Perinatal characteristics  
Males, no. (%) 25 (62.5) 
Median (range) gestational age at birth (weeks) 39.1 (36-41.6) 
Median (range) postmenstrual age at scan (weeks) 39.4 (36.9-44.1) 
Median (range) birth weight (grams) 2995 (2065-4100) 
Median (range) weight at scan (grams) 3208 (1950-45) 
 
7.2.2 Data Acquisition  
All MR imaging data were acquired under the supervision of a paediatrician experienced in MR 
imaging procedures. Imaging was carried out on 3-Tesla Philips Achieva (running modified R3.2.2 
software) using a dedicated neonatal imaging system using a neonatal 32 channel phased array 
head coil (Hughes et al., 2016). T1- and T2-weighted MR imaging was acquired with the following 
sequences parameters. T2-weighted and inversion recovery T1-weighted multi-slice fast spin-
echo images were each acquired in sagittal and axial slice stacks with in-plane resolution 
0.8x0.8mm2 and 1.6mm slices overlapped by 0.8mm. The rest of the parameters were – T2-
weighted: TR=12000ms TE=156ms, SENSE factor 2.11 (axial) and 2.58 (sagittal); T1-weighted: 
TR=4795ms, TI=1740ms, TE=8.7ms, SENSE factor 2.27 (axial) and 2.66 (sagittal). 
 
The sequence parameters for the dMRI data were as follows; a spherically optimized set of 
directions on 4 shells with b-values of 400 s/mm2, 1000 s/mm2 and 2600 s/mm2 in 64, 88 and 128 
directions, respectively, and 20 b=0 s/mm2 images (Hutter et al., 2017) was split into 4 optimal 
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subsets (one per Phase Encoding Direction). These directions were then spread temporally taking 
motion and duty cycle considerations into account. A restart facility with user-selected set back 
from the break time point was used for additional motion and interruption robustness (Hutter et 
al., 2017). Acceleration of multiband 4, SENSE factor 1.2 and partial fourier 0.86 was used, 
acquired resolution 1.5x1.5mm, 3mm slices with 1.5mm overlap, TR=3800ms and TE=90ms. 
dMRI data was reconstructed using CG-SENSE including data-based Nyquist ghost estimation 
(Cordero Grande et al., 2016).  
 
7.2.3 Image Processing  
Structural MRI data were pre-processed by running bias field correction using the N4 algorithm 
(Tustison et al., 2010). The dMRI data were pre-processed by removal of motion-corrupted 
volumes using an automated detection approach (Kelly et al., 2017), PCA-based denoising 
(Veraart et al., 2016), distortion correction and outlier replacement (Andersson et al., 2016), bias 
field correction (Tustison et al., 2010) and intensity normalisation across datasets.  
  
7.2.4 Estimation of microstructural features  
7.2.4.1 DTI 
The diffusion tensor model was fitted for each subject, and FA, AD, MD and RD were calculated 




The NODDI toolbox was used to fit the NODDI model and derive maps of estimated intracellular 
volume fraction, 𝑣}~, orientation dispersion index (ODI), and isotropic water volume fraction, 𝑣}1, 
 for each subject. The range of values considered for the fraction of intracellular space used in 
the initialisation of the NODDI model fitting was lowered to 0-0.3 to better reflect the neonatal 
data. For voxels where the fitting did not converge, the fitting was repeated using AMICO (Daducci 





7.2.4.3 Fixel-based measures  
FOD images were computed for each subject using multi-shell multi-tissue CSD. Tissue-specific 
group-average response functions for WM and CSF were estimated using all 4 shells and FD and 
FC were calculated as described in Chapter 6.  
 
Figure 7.1 shows the microstructural maps derived for a single representative subject.  
 
 
Figure 7.1 A representative subject from the study group, male infant born at 39.6 weeks and scanned at 
39.9 weeks PMA. The top and middle rows show DTI and NODDI scalar maps in native space, the bottom 
row shows WM and CSF FODs overlaid on WM density and CSF density images, respectively.  
 
 
7.2.4.4 Brain volume estimation 
T2-weighted images were brain extracted using BET (Smith, 2002) from FSL and segmented 
using the DRAW-EM algorithm (Makropoulos et al., 2014). Tissue segmentations of the cortical 
GM, deep GM, WM, brainstem and hippocampus and amygdala were summed to calculate brain 




7.2.5 Tract-specific analysis  
7.2.5.1 Registration  
To assess lateralisation, a symmetric template was created. Each subject's FOD image was 
flipped on the left-right axis. The native-orientation and flipped FOD images (80 images in total) 
were registered to an iteratively-refined, group-averaged template FOD image using nonlinear 
transformations (Raffelt et al., 2012a; Raffelt et al., 2011).  
 
7.2.5.2 Tract segmentation and skeletonisation  
Whole-brain probabilistic tractography was performed in the FOD template, seeded from a whole-
brain WM mask to produce a tractogram of 20 million streamlines. From this tractogram, a subset 
of 10 million streamlines was selected that best fit the diffusion signal using the SIFT algorithm 
(Smith et al., 2013). Tracts of interest were delineated using manually drawn regions of interest, 
as described in Chapter 4. The tracts delineated were the bilateral CST, IFOF, ILF, SLF, UNC 
and CC. The TSA continuous medial representation model was used to create tract-wise WM 
skeletons in the template, as described in Chapter 4. The results from the template tractography 
and TSA model fitting are shown in Figure 7.2.   
 
7.2.5.3 Inter-hemispheric differences    
To investigate inter-hemispheric differences, for each subject, diffusion data from the both the left 
and right hemispheres were projected onto the same skeleton. For each subject, native space 
scalar maps of FA, AD, RD, MD, 𝑣}~,  and ODI were flipped along the left-right axis. The native-
orientation and flipped scalar maps were warped to template space using the transformations 
from the registration of the native-orientation and flipped FODs, respectively. For each subject, 
DTI and NODDI measures from the native-orientation and flipped scalar maps were projected 
onto skeletons of the CC, CST, IFOF, ILF, SLF and UNC in the left hemisphere. By projecting the 
native and flipped images onto the same skeleton diffusion data from the left and right 
hemispheres is projected onto the same skeleton. As the CC traverses both hemispheres, a 
skeleton of just the left half of the CC was created (Figure 7.3) and diffusion data from both the 









As FD and FC are estimated in template space no further transformation was needed. FD and 
FC values were estimated from native and flipped FODs. Of note, many voxels will contain 
multiple fibre populations. However, FD and FC values were extracted only from those fixels 




As described in Chapter 4, the TSA framework allows for two data projection strategies. In 
Chapters 4 and 5, the maximum-value strategy was employed to project DTI values from the 
voxel with the highest FA value onto the skeletons. In this study, the mean-value data projection 
strategy for TSA is used. For each point on the skeleton, the scalar parameter of interest was 
averaged along the direction of the normal to the skeleton within the skeleton boundary. The 
tractography carried out in the template produced thicker tracts with more fanning than the 
tractography results in previous chapters. This is due to the tractography algorithm – a 
probabilistic CSD algorithm, and a more mature cohort. Therefore, the mean value strategy was 
chosen to project a value more representative of the tract.  
 
Interhemispheric asymmetries were assessed, correcting for multiple comparisons using non-
parametric permutation-based suprathreshold cluster analysis (Nichols and Holmes, 2002) with 
family-wise error rate (FWER) correction. The same multiple comparisons strategy was used for 




Figure 7.3 Unilateral skeleton for CC; (a) cross-sectional view of the CC tractography (blue), skeleton (green-
yellow) and skeleton boundary (pink); (b) lateral (top) and medial (bottom) view of the CC skeleton; (c) lateral 







7.2.5.4 Changes in diffusion properties associated with increasing age 
To investigate the changes in diffusion properties associated with increasing age, native-
orientation maps of FA, AD, RD, MD, 𝑣}~, ODI, FD and FC were projected onto WM skeletons of 
the CC, CST, IFOF, ILF, SLF and UNC bilaterally using the mean-value strategy. Linear 
regression analysis was carried out on the tract skeletons to assess the relationship between 
PMA at scan and FA, AD, RD, MD, 𝑣}~, ODI, FD and FC. 
 
7.2.5.5 Differences between male and female subjects   
As Chapter 5 demonstrated differences in FC between male and female subjects, differences in 
FA, AD, RD, MD, 𝑣}~, ODI, FD, FC and brain tissue volume between male and female subjects 
were investigated, with PMA at scan as a covariate. Differences in brain volume calculated from 
the structural segmentations were assessed using a two-sample Kolmogorov-Smirnov test.  
 
7.3 Results  
7.3.1 Average values  
Group-average values for FA, AD, RD, MD, 𝑣}~, ODI and FD for the CC, CST, IFOF, ILF, SLF and 
UNC bilaterally are shown in Figure 7.4 Sections 7.3.1.1-7.3.1.6 describe the distribution of group-
averaged parameter values for each tract. Group-averaged values are not given for FC as FC 
can take on positive and negative values depending on the local expansion or contraction 
perpendicular to the fibre-bundle and averaging across all subjects provides values close to zero 
across whole tracts.  
 
7.3.1.1 CC 
Group average parameters for the CC are shown in Figure 7.4. FA values in the CC were highest 
in the body and splenium, decreasing in the cortical projections. AD and RD were highest in the 
fibres adjacent to the body. MD was lowest in the posterior body and splenium and higher in the 
projections. ODI was lowest in the body and increased along the fibres fanning out towards the 
cortex. 𝑣}~ was highest in the body, genu and splenium, with lower, relatively uniform values 
across the projections. FD was highest in the splenium, and lower in the body of the CC, 















Group average parameter for the CST are shown in Figure 7.5. FA and FD were highest in the 
PLIC, decreasing in the inferior and superior directions. AD was lowest in the brainstem and PLIC, 
and highest in the centrum semiovale. RD and MD were relatively uniform and below 1.2×10-
3mm2/s across the CST, with slightly higher values in the centrum semiovale. ODI was highest at 
the cortical WM-GM boundary and the brainstem, with lower values in PLIC and centrum 
semiovale. 𝑣}~ was highest in the brainstem, decreasing superiorly.  
 
 






Group average parameter for the IFOF are shown in Figure 7.6. FA, AD and FD in the IFOF were 
highest in the occipital lobe, decreasing anteriorly and at the WM-GM boundary. Conversely, RD 
and MD were highest in the occipital lobe and frontal lobe projections, and lowest where the IFOF 
passes adjacent to the external capsule. ODI was lowest in the occipital lobe, increasing as the 
tract fanned out into the cortex. 𝑣}~ was between 0.1-0.2 across most of the tract.  
 
7.3.1.4 ILF  
Group average parameter for the ILF are shown in Figure 7.7. Similar to the IFOF, FA, AD and 
FD in the ILF peaked in the occipital lobe, decreasing anteriorly and posteriorly towards the WM-
GM boundary. RD and MD were highest in the occipital lobe, where ODI values were lowest, and 
increased nearer the cortex. 𝑣}~ was between 0.1-0.2 throughout most of the tract.  
 
 





7.3.1.5 SLF  
Group average parameter for the SLF are shown in Figure 7.8. FA was highest in the curved 
segment of the SLF and decreased as the tract fanned out into the parietal and temporal cortical 
GM. AD was highest in the curved segment and in the temporal lobe, with lower values in the 
parietal lobe. RD and MD were low in the parietal lobe, and higher in the temporal lobe. ODI was 
highest as the WM-GM boundary. 𝑣}~ and FD were relatively uniform throughout the tract.  
 
 




Group average parameter for the UNC are shown in Figure 7.9. FA, AD , RD and MD were  
relatively uniform though the tract, although diffusivities values were slightly higher in the temporal 
lobe. Out of all the tracts ODI was highest in the UNC, with values greater than 0.3 across the 
tract. 𝑣}~ was highest at the WM-GM boundary in the frontal and temporal lobes and lowest in the 









7.3.2 Inter-hemispheric asymmetries 
Little to no significant differences were found between left and right tracts. Interhemispheric 
differences were limited to small regions within the SLF, ILF and IFOF, which comprised 1-1.5% 
of the vertices within each skeleton. Sections 7.3.2.1-7.3.2.3 summarise these findings.  
 
7.3.2.1 DTI metrics 
AD, RD MD were significantly higher in a small region of the left hemisphere in the SLF. AD and 
MD were also significantly higher in a small region of the left ILF (Figure 7.10). FA was higher in 
the right SLF (Figure 7.11). 
 
 










7.3.2.2 NODDI metrics 
Both 𝑣}~ and ODI were significantly higher in a small region of the right SLF, overlapping with the 
regions of increased diffusivities in the left hemisphere. ODI was also higher in small regions of 
the right IFOF and ILF(Figure 7.12).  
 
 
Figure 7.12 The regions where  𝑣}~ and ODI are greater in the right SLF, IFOF and ILF (shown in red). 
 
 
7.3.2.3 Fixel-derived measures  
There were no significant interhemispheric differences in FD or FC.  
 
7.3.3 Changes in diffusion properties associated with increasing age 
There was a significant decrease in diffusivities and increase in FA, 𝑣}~, FD and FC with increasing 
PMA at scan across all tracts. There were no significant positive or negative correlations between 
PMA and ODI. Detailed descriptions of correlations between PMA and DTI, NODDI and fixel-
derived parameters are given in Sections 7.3.3.1, 7.3.3.2, 7.3.3.3, respectively.  
 
7.3.3.1 DTI metrics 
There was a significant positive correlation between PMA at scan and FA, and significant negative 
correlation between PMA and AD, RD and MD in the following regions; the cortical projections of 
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the CC, the CST between the PLIC and centrum semiovale, the IFOF, the ILF, the SLF and the 
UNC bilaterally (Figure 7.13 and Figure 7.20). The correlations between PMA and AD were less 
extensive than the correlations between PMA and FA, RD and MD. There were no negative 
correlations with FA and PMA, and no positive correlations PMA and AD, RD or MD.  
 
 
Figure 7.13  The results of the cluster analysis correlating PMA with FA at each point within the CC, CST, 
IFOF, ILF, SLF and UNC. Statistically significant regions of positive correlation are shown in red (p≤0.01), 





Figure 7.14 Scatter plots showing the linear relationship between FA and PMA from the regions showing 





Figure 7.15 The results of the cluster analysis correlating PMA with MD at each point within the CC, CST, 
IFOF, ILF, SLF and UNC. Statistically significant regions of negative correlation are shown in red (p≤0.01), 






Figure 7.16 Scatter plots showing the linear relationship between MD and PMA from the regions showing 






Figure 7.17 The results of the cluster analysis correlating PMA with RD at each point within the CC, CST, 
IFOF, ILF, SLF and UNC. Statistically significant regions of negative correlation are shown in red (p≤0.01), 






Figure 7.18 Scatter plots showing the linear relationship between RD and PMA from the regions showing 






Figure 7.19 The results of the cluster analysis correlating PMA with AD at each point within the CC, CST, 
IFOF, ILF, SLF and UNC. Statistically significant regions of negative correlation are shown in red (p≤0.01), 






Figure 7.20 Scatter plots showing the linear relationship between AD and PMA from the regions showing 






7.3.3.2 NODDI metrics 
There was a significant positive correlation between 𝑣}~ and PMA at scan in a small region of the 
cortical projections of the CC, the CST between the PLIC and centrum semiovale, the IFOF where 
it passes adjacent to the external capsule, limited regions in the ILF, the parietal segment of the 
SLF, and the frontal lobe projections of the UNC bilaterally (Figure 7.21 and Figure 7.22). There 
were no negative correlations with 𝑣}~. There were no significant correlations between ODI and 
PMA in any of the tracts, although, with the exception of the UNC, there was a slight positive trend 
across the tracts (Figure 7.23).  
 
 
Figure 7.21 The results of the cluster analysis correlating PMA with 𝑣}~ at each point within the CC, CST, 
IFOF, ILF, SLF and UNC. Statistically significant regions of positive correlation are shown in red (p≤0.01), 






Figure 7.22 Scatter plots showing the linear relationship between  𝑣}~ and PMA from the regions showing 






Figure 7.23 Scatter plots showing the relationship between ODI and PMA averaged over the whole tract 
skeleton for the CC, CST, IFOF, ILF, SLF and UNC. TSA found no statistically significant relationship was 







7.3.3.3 Fixel-derived measures  
PMA at scan was significantly positively correlated with both FD and FC in the following regions; 
the cortical projections of the CC, the CST at the level of the centrum semiovale, the left IFOF 
and the anterior portion of the right IFOF, along the length of the ILF, limited regions in the SLF, 
and the frontal projections of the UNC bilaterally (Figure 7.24Figure 7.27).  
 
7.3.4 Differences in diffusion properties between male and female subjects  
There were no significant differences in any of the measures between male and female subjects.  
The results from all the statistical analyses are summarised in Table 7.2.  
 
 
Figure 7.24 The results of the cluster analysis correlating PMA with FD at each point within the the CC, 
CST, IFOF, ILF, SLF and UNC. Statistically significant regions of positive correlation are shown in red 






Figure 7.25 Scatter plots showing the linear relationship between FD and PMA from the regions showing 







Figure 7.26 The results of the cluster analysis correlating PMA with FC at each point within the the CC, 
CST, IFOF, ILF, SLF and UNC. Statistically significant regions of postive correlation are shown in red 






Figure 7.27 Scatter plots showing the linear relationship between FC and PMA from the regions showing 










Table 7.2 Summary of results from tract-specific analysis. All significant results are bilateral.  
 
Contrast  FA MD  RD  AD vic ODI  FD FC 




NS NS NS NS 




Male > female  NS NS NS NS NS NS NS NS 
Male < female  NS NS NS NS NS NS NS NS 
Increasing 













































7.4 Discussion  
This chapter combines DTI, NODDI and fixel-derived parameters with TSA to assess lateralisation 
and maturation in subjects from the Developing Human Connectome Project. The limited spatial 
extent of hemispherical asymmetries found in this study indicate that the asymmetries observed 
in children and adults (Buchel et al., 2004; Catani et al., 2007; Eluvathingal et al., 2007; Herve et 
al., 2009; Johnson et al., 2014; Takao et al., 2011; Thiebaut de Schotten et al., 2011a; Thiebaut 
de Schotten et al., 2011b; Westerhausen et al., 2007) are acquired later in life and lateralisation 
of WM fibres bundles is not present at birth in healthy term neonates.  
 
This study reports tract-specific normative values for DTI parameters and, for the first time, 
NODDI and fixel-derived measures for healthy term-born neonates. The group-averaged DTI 
values and increasing FA and decreasing diffusivities with increasing PMA at scan reported here 
concur with previous studies in term-born neonates (Akazawa et al., 2016; Bartha et al., 2007; 
Geng et al., 2012; Neil et al., 1998; Oishi et al., 2011) and the distributions of low and high values 
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observed in each tract is consistent with the pattern of along-tract DTI values reported in older 
typically-developing children (Goodlett et al., 2009; Johnson et al., 2014; Yeatman et al., 2012).  
  
Group-averaged values for ODI demonstrate a pattern of increased dispersion in WM fasciculi 
near the WM-GM boundary. Dispersion in the frontal and temporal lobe projections of the UNC 
were markedly higher than in other tracts, most likely reflecting a high degree of fanning within 
the tract. 𝑣}~ was highest in the brainstem and PLIC, which are myelinated at birth (McArdle et al., 
1987; Yakovlev and Lecours, 1967), and the body of the CC, a region of dense axonal packing.  
Increases in 𝑣}~ with increasing PMA reflect increases in the intracellular space most likely due to 
myelination or increasing axonal density. Increasing 𝑣}~ in the CST is most likely to reflect 
myelination, spreading superiorly and inferiorly along the tract from the PLIC. Increases in 𝑣}~ in 
the frontal lobe projections of the UNC are likely to be due increased axonal density, rather than 
myelination which begins around 1 year after birth in the frontal WM (Brody et al., 1987; Kinney 
et al., 1988). Similarly, the IFOF, ILF and SLF are unmyelinated at this time, therefore increases 
in 𝑣}~ are most likely due to increases in axonal density. Regions of 𝑣}~ increasing with increasing 
PMA at scan overlap with increases in FA. The absence of significant changes in ODI indicate 
that increases in FA are driven by increases in neurite density, rather than axonal coherence. 
These results are in agreement with findings in preterm infants (Batalle et al., 2017) and children 
aged 8-13 years (Mah et al., 2017).  
 
The NODDI model (Zhang et al., 2012) has been applied previously to paediatric populations to 
study WM (Kunz et al., 2014; Melbourne et al., 2016), GM (Eaton-Rosen et al., 2015) and 
connectivity (Batalle et al., 2017) in preterm infants, and to a population of children born preterm 
to compare WM diffusion properties (Kelly et al., 2016), and to study GM and WM in healthy 
children and adolescents (Genc et al., 2017; Mah et al., 2017). Melbourne et al. (2016) 
demonstrated that 𝑣}~ increases in WM in preterm infants with increasing age, and similarly Genc 
et al. (2017) and Mah et al. (2017) reported a positive correlation between age and 𝑣}~ in children 
and adolescents, and weak or no changes, respectively, in ODI. Batalle et al. (2017) reported 
positive correlations between WM connectivity weighted by 𝑣}~ and negative correlations with WM 
connectivity weighted by 1-ODI, a measure of WM coherence, in infants imaged between 25-46 
weeks PMA, implying an increase in complexity and crossing fibres within the WM. These results 
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concur with the trend of ODI increasing with increasing PMA shown in Figure 7.24. ODI values 
reported for children aged 8-13 years (Mah et al., 2017) are lower than the values observed here. 
This suggests that changes in ODI do occur but over a different age range and possibly in a 
nonlinear trajectory.  
 
Combining TSA and fixel-derived measures provides tract-specific measures of FD and FC, which 
are not possible within the standard FBA framework. FD values were found to be highest in 
regions comprising of mainly single fibres - in the body of the CC, the PLIC and the middle regions 
of the IFOF and ILF. Increases in FD were observed in all 11 tracts, overlapping with regions of 
increasing 𝑣}~, supporting the interpretation of increasing axonal density. FC increased with PMA 
at scan in every tract, in agreement with previous studies reporting whole-brain WM volume 
increases after birth (Gilmore et al., 2007b; Knickmeyer et al., 2008; Makropoulos et al., 2016; 
Wang et al., 2012). This study demonstrates that increases in WM are driven by increases in fibre 
cross-section of the superficial WM.  
 
In Chapter 6, preterm male subjects had greater FC than their female peers and it has been 
reported previously that term-born male neonates had greater intracranial volumes than female 
neonates (Gilmore et al., 2007b). In this cohort there was no significant difference in FC or brain 
tissue volume between male and female subjects. The differences reported by Gilmore et al. 
(2007b) were most likely driven by the 9% discrepancy in birth weight in male female subjects. 
The results here are supported by a larger study of 161 healthy infants by Qiu et al. (2013) which 
reported only a 2% difference in intracranial volume in a cohort with no significant differences in 
birth weight between male and female subjects. 
 
Projecting fixel-derived measures onto the TSA skeleton does not exploit the whole-brain analysis 
capabilities of FBA. This is may be a disadvantage for exploratory studies without an a priori 
hypothesis. Indeed, Chapter 6 highlighted tracts that are often not included in WM microstructural 
analyses, such as the alterations in FC observed in the anterior commissure in relation to clinical 
risk factors and subsequent outcome. Nevertheless, a major benefit of this approach is the 
capacity to combine parameters from multiple models, in this case DTI, NODDI and fixel-derived 
measures, which provide complimentary information. The versatility of TSA means that in future 
studies, parameters from different modalities could also be combined, such as myelin-related 
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7.5 Conclusions   
This chapter presents a novel method to analyse neonatal data using higher order diffusion 
models and TSA. Normative values of DTI, NODDI and fixel-derived measures and changes in 
these measures associated with maturation in the perinatal period are given for six major WM 
tracts. Analysis of high-quality diffusion MRI data form the Developing Human Connectome 
Project reveals that lateralisation of WM fasciculi is not present at birth in healthy term-born 
infants.   
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Chapter 8 Summary and Future Directions  
8.1 Key Findings  
The aims of this thesis were to apply advanced dMRI analysis approaches to study brain 
development and preterm WM injury. TSA, NODDI, and FBA were applied to investigate the 
effects of perinatal risk factors on the developing brain in preterm infants; to explore the 
relationship between WM microstructure in the perinatal period and subsequent 
neurodevelopmental performance in preterm infants; and investigate brain maturation and 
lateralisation in healthy term-born infants using state-of-the-art diffusion data from the dHCP. The 
key findings from Chapters 4-7 are summarised below.  
 
In Chapter 4, TSA, which creates surface skeleton representations of WM tracts for group 
analyses, was evaluated to assess this method’s suitability for infant studies and to determine 
whether this approach offered any advantages over current widely-used analysis techniques. This 
evaluation demonstrated that TSA improved WM tract alignment over scalar-based registration 
by employing a tensor-based registration, and that the surface representations of tracts provided 
a close approximation of diffusion data derived from native space tractography.  
 
In Chapter 5, TSA was applied to test the hypothesis that WM diffusion properties derived from 
DTI at TEA in a cohort of 407 preterm infants were associated with neurodevelopmental 
performance at 20 months, assessed using the BSITD-III. This analysis demonstrated 
anatomically-specific relationships between motor, cognitive and language performance and WM 
fasciculi. Higher motor and cognitive scores were associated with increased FA and decreased 
diffusivity in projection, commissural and association fibres, in agreement with previous studies 
(Counsell et al., 2008; Duerden et al., 2015; van Kooij et al., 2012b). These results suggest either 
that alterations in WM microstructure occur coincidently in multiple tracts that independently 
modulate motor and cognitive functions, or that development of these two functional domains is 
related. There was little to no correlation between language performance and DTI metrics, in 
agreement with a previous TBSS study (Duerden et al., 2015). Conversely, Salvan et al. (2017) 
found FA in the arcuate fasciculus, derived from high b-value HARDI data using probabilistic CSD 
tractography, was positively correlated with language performance in preterm infants scanned at 
TEA and assessed at 2 years. The reasons for the differing results may be due to methodological 
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limitations of skeletonisation approaches based on low b-value and low angular resolution 
diffusion imaging, used in Chapter 5 and in the study by Duerden et al. (2015). 
 
Given the limitations of DTI with respect to complex WM geometries, advanced imaging 
acquisition and analysis methods that correlate more specifically to tissue microstructure were 
applied to neonatal populations for the first time in Chapters 6 and 7. In Chapter 6, FBA was 
applied to a preterm neonatal cohort to test the hypothesis that perinatal risk factors adversely 
affect WM fasciculi, and further explore the association between WM and neurodevelopmental 
outcome. The diffusion tensor model is an inadequate representation of WM anatomy in voxels 
with multiple fibre populations. FBA (Raffelt et al., 2017) overcomes this limitation by calculating 
fixel-specific measures, where a fixel is a single fibre population within a voxel. FBA provides 
measures of the volume of the restricted intra-axonal compartment along the direction of a 
particular fibre population, given by FD, and relative changes in local WM fibre bundle cross-
section, given by FC. Using this approach, it was possible to identify the distinct fibre populations 
within regions of crossing fibres associated with perinatal risk factors and developmental outcome 
at 20 months. Correlations between perinatal risk factors and FC were more widespread than 
correlations with FD, indicating a greater effect on WM fasciculi cross-section rather than 
microstructure. By identifying the tracts affected by given perinatal risk factors it could be possible 
to anticipate future developmental impairment by considering the functional pathways in which 
these tracts are involved. Motor and cognitive scores were positively correlated with FC in 
cerebellum and commissural fibres, respectively. In contrast, language was positively correlated 
with FD in the ILF and CC, but not with FC. These findings suggest that, unlike motor or cognitive 
abilities, language ability in the preterm population is more closely related to microstructural rather 
than morphological properties of WM fibres, 
 
In Chapter 7, state-of-the-art dHCP data was analysed to investigate WM lateralisation and 
maturation in healthy term-born infants. While hemispheric asymmetries associated with 
functional specialisation have been demonstrated in adults (Buchel et al., 2004; Catani et al., 
2007; Eluvathingal et al., 2007; Herve et al., 2009; Johnson et al., 2014; Takao et al., 2011; 
Thiebaut de Schotten et al., 2011a; Thiebaut de Schotten et al., 2011b; Westerhausen et al., 
2007), lateralisation has not been assessed within the first four weeks of life in healthy subjects. 
Furthermore, there are no studies characterising normal WM development in term infants using 
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higher order diffusion models. The NODDI model (Zhang et al., 2012) has been previously applied 
in studies of preterm infants but has not been used in studies of normal brain development in 
healthy infants. NODDI characterises the morphology of neurites by estimating the orientation 
dispersion index (ODI) and provides a measure of neurite density, 𝑣}~. TSA was combined with 
DTI, NODDI and fixel-derived metrics to assess interhemispheric differences and changes related 
to increasing age at scan. The results demonstrate little to no hemispheric differences in white 
matter fasciculi, indicating that lateralisation emerges later in life. The findings relating to WM 
maturation are in agreement with findings from previous DTI studies (Akazawa et al., 2016; Bartha 
et al., 2007; Geng et al., 2012; Neil et al., 1998; Oishi et al., 2011). However, the analysis of 
NODDI and fixel-derived measures produced novel findings demonstrating an increase in the 
intra-axonal compartment and in fibre cross-section with increasing age, with no significant 
changes in the dispersion of neurites.   
 
8.2 Conclusions 
This thesis demonstrates the benefits of using TSA, NODDI and FBA for analysing neonatal dMRI 
data. These approaches provided more detailed characterisation of brain development in both 
term and preterm infants. The analysis carried out here reveals the adverse effects of perinatal 
risk factors on the developing brain; the relationship between WM microstructure in the perinatal 
period and subsequent neurodevelopmental performance in preterm infants; and normal 
development of cerebral WM in healthy infants with greater anatomical specificity than previously 
reported. These results may contribute to the development of quantitative measures that aim to 
identify infants at risk of developmental impairment and may be useful biomarkers for determining 
efficacy of potential therapies.  
 
8.3 Future Work  
Summarised below are possible future directions for further investigations to extend the work 
presented in this thesis.  
 
8.3.1 Multimodal imaging  
As was discussed in Chapter 7, the flexibility of TSA allows a number of quantitative imaging 
measures to be analysed. The work presented in this thesis could be extended to a multi-
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parametric multimodal approach, including quantitative T1 and T2 data, which may be more 
sensitive to maturation-dependent changes than univariate analysis (Kulikova et al., 2015) and 
may improve the ability to discriminate between patient and control populations (Dean et al., 
2017). Furthermore, while this thesis has focused on WM changes, future studies could combine 
quantitative measures from GM with WM measures derived from TSA and FBA, as proposed by 
Smith et al. (2017). Investigating how WM fasciculi influence GM structures, and vice versa, may 
provide additional insight into developmental changes and injury in the neonatal brain.  
 
8.3.2 Future studies of neurodevelopment  
The long-term adverse effects of preterm birth underscore the importance of identifying early 
biomarkers of neurodevelopmental impairment. This thesis highlights the benefits of advanced 
dMRI techniques such as TSA, NODDI and FBA. The next step is to apply these techniques to 
high quality dMRI data in larger cohorts in combination with rich metadata, including genetics and 
behavioural information. Furthermore, these methods could be integrated into machine learning 
approaches, potentially moving beyond population studies and providing subject-specific 
predictions of neurodevelopmental outcome for vulnerable populations. Such analyses will be key 
to furthering our understanding of the environmental and biological factors influencing brain 
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